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Investigation of the consequences of the use of ozone for the bleaching of cellulosic fibres Production of paper grade pulp is still relying on the use of chlorine dioxide in ECF bleaching sequences in spite of the AOX pollutants this process releases in the environment and in paper products. The shift towards the use of TCF bleaching sequences will be necessary and is already made possible by the total substitution of chlorine dioxide for ozone, a greener and more powerful oxidant. It is shown in this thesis that an ozone TCF bleached pulp can reach brightness and strength properties equivalent to that of a conventional ECF pulp. Furthermore, a UV resonance Raman spectroscopy study demonstrates the superiority of ozone (associated with hydrogen peroxide) in stabilising the brightness, compared to the joint use of chlorine dioxide and peroxide. Analysis by means of direct dissolution of cellulosics in DMAc / LiCl (8 %) and SEC indicate that the strength of the TCF pulp is preserved. This is because the cellulose depolymerisation taking place in the various ozone stages is uniform within the fibres. Replacement of chlorine-based bleaching agents with oxygen, hydrogen peroxide and ozone allows for substantial savings on caustic soda in the sequence. In fact, in the absence of chloride ions, oxidised white liquor can be used as an alkali source and recycled in the kraft process with the alkaline bleaching effluent. Although effluent recycling induces an overconsumption of ozone, results presented here show that this may be the most cost-effective scenario. This paves the way for the development of highly competitive TCF bleaching sequences for the production of bleached kraft pulp.

Résumé

Etude des verrous susceptibles de freiner le développement de l'utilisation de l'ozone en blanchiment des fibres cellulosiques La production de pâtes papetières se repose encore sur l'usage de dioxyde de chlore dans des séquences de blanchiment ECF et ce malgré la pollution de l'environnement et des produits papetiers par les AOX générés par ce type de prodédé. La transition vers des séquences de blanchiment TCF (sans chlore) sera nécessaire et est aujourd'hui déjà rendue possible par le remplacement total du dioxyde de chlore par l'ozone, un oxydant plus vert et plus puissant.

Il a été montré dans cette thèse qu'une pâte TCF ozone peut atteindre une blancheur et des propriétés mécaniques équivalentes à celles d'une pâte ECF conventionnelle. De plus, une étude par spectroscopie UV Raman à résonance a montré la supériorité de l'ozone (associé au peroxyde d'hydrogène) en stabilisation de blancheur, comparée à l'utilisation conjointe de dioxyde de chlore et de peroxyde. Une analyse par dissolution directe de la cellulose dans un mélange DMAc / LiCl (8 %) et chromatographie d'exclusion stérique a indiqué que la qualité mécanique de la pâte TCF a été préservée car la dégradation de la cellulose par les différents stades à l'ozone est uniforme dans les fibres. Le remplacement d'agents de blanchiment à base de chlore par des réactifs tels que l'oxygène, le peroxyde d'hydrogène et l'ozone permet d'importantes économies en soude dans la séquence vu que de la liqueur blanche oxydée peut être utilisée en tant qu'agent alcalin dans une boucle de recyclage des effluents de blanchiment.

Les résultats présentés ici montrent que la surconsommation en ozone induite par le recyclage des effluents est loin de contrebalancer le gain économique apporté par l'utilisation de liqueur blanche oxydée. Ceci ouvre la voie au développement de séquences de blanchiment TCF hautement compétitives pour la production de pâte kraft blanchie.
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General introduction

Paper is a common material found in many products, and its production worldwide is still increasing to meet the market's demand from a globally growing population. It is also Perhaps the most exciting advantage of TCF bleaching sequences is the possibility for closing the water recycling loop. The presence of chloride ions in ECF bleaching effluent makes it impossible to recirculate it back to the brownstock washing and the recovery boiler of the kraft process. Hence, in ECF bleaching plants all the water used for washing needs to be treated in a wastewater treatment unit that represents an important capital cost. Moreover, if the bleaching effluent is not recycled, water consumption is higher. No such problems are en-countered when using a TCF bleaching sequence where bleaching stages filtrates are recycled and eventually burnt. The white liquor used in the kraft process could be used as an alkali source in the bleaching sequence, for virtually no supplementary cost. A total recycling of the TCF bleaching effluent would represent tremendous savings on pure caustic soda, as well as reducing the mill's environmental footprint. Hitherto, only a few articles have dealt with the impact of ozone bleaching filtrates and their organic matter content on the bleaching efficiency. None have investigated the potential detrimental impact of ozone-oxidable inorganics in white liquor or partially oxidized white liquor on the ozone bleaching stage. Part of this thesis is meant to investigate this.

Unfortunately, "TCFp" bleaching sequences based solely on the use of oxygen and peroxide cannot ensure the high pulp brightness needed for some paper products. On the other hand, "TCFz" sequences based on ozone can produce fully-bleached pulps since ozone is a very strong oxidant with high affinity for lignin. However, obtention of a high pulp brightness is not sufficient since it can partly reverse overtime. Consequently, papermakers are also looking for a high brightness stability. The lukewarm performance of TCFp pulps on this matter may explain some unjustified critics made a priori on TCFz pulps. Ozone may indeed decrease pulp brightness stability if not used in the right position of the bleaching sequence.

Nevertheless, recent work on dissolving grade pulp (pure cellulose) demonstrated the superior role of ozone regarding the destruction of residual lignin impurities, compared to chlorine dioxide. Since residual lignin moities can provoke pulp brightness reversion, it will be of the utmost interest to evaluate the role of ozone in their elimination within paper grade pulp and to revisit the brightness reversion of TCFz pulp in the case of optimally designed sequences.

Another problem faced by most TCF bleaching sequences when compared to their ECF counterpart is the depolymerisation of carbohydrates they provoke. Ozone itself can directly depolymerise carbohydrates, or indirectly via the formation of unselective free radicals. For dissolving grade pulp producers, this is actually an advantage as the cellulose average degree of polymerisation (DP) has to be lowered before its dissolution and regeneration into cellulosic fibres. This explains the rapidly increasing interest for ozone and TCFz bleaching sequences in general for producing this type of pulp. However, cellulose DP loss is undesirable in the case of paper grade pulp. Routinely measured by a viscosimetric method, the average DP of cellulose is often branded as a representation of final paper strength, one of the most critical parameters for papermakers. Many articles in the literature nonetheless pointed out the irrelevancy of this parameter for predicting the strength loss sometimes occuring in harsh oxidative bleaching stages. Specifically, contrasted results have been reported for ozone. It could either increase paper strength, or decrease it, yet with a constant feature: a lowered cellulose DP. Still, for certain types of carbohydrates degradations, linear correlations have been proposed between the cellulose DP and paper or bleached fibre strength.

What is the link between the cellulose average DP and paper strength? Since ozone is probably the most suited chemical to ensure the development of environmentally friendly bleaching sequences with minimised effluent discharge and chemicals consumption, there is a

real need to answer this question. This thesis work will be focusing on the use of size exclusion chromatography (SEC) for obtention and analysis of molar mass distributions for describing carbohydrates degradation within the fibres. Additionally, it will deal with UV Resonance Raman (UVRR) spectroscopy as a fitting tool for assessing the lignin and hexA removal from pulp by ozone and other bleaching chemicals. It is hoped that these investigations will contribute to a better understanding of the real potential of TCFz bleaching sequences as a substitute for conventional ECF ones.

Chapter 1

Literature review

1.1 From wood chips to oxygen-delignified kraft pulp

Wood chemical composition

Paper is a matrix of entangled bleached wood fibres that were initially "glued" together within native wood, the raw material. Wood cells are composed of cellulose, lignin, and hemicelluloses. Their distribution varies along wood species, especially between softwoods (SW) and hardwoods (HW). An average distribution of these three natural polymers is shown in 

Cellulose

Cellulose is the most abundant natural polymer on Earth and the main compound in wood.

It is an uncoloured and flexible polymer found in every plant species. Cellulose fundamental repeating structure is either considered the anhydroglucose unit (AGU), or cellobiose unit (Figure 1.1). The cellulose degree of polymerization (DP) is usually calculated using the successive number of AGUs forming the cellulose backbone. It ranges from 700 in bagasse up to 9,000 in wood and even 10,000 for the longest cellulose chains found in cotton.

All cellulose chains have a reducing and a non-reducing end. In alkaline environment, the reducing end is in a hemiacetal/aldehyde equilibrium. Cellulose chains are tethered within wood cell walls thanks to hydrogen bonds and together form elementary fibrils (diameter of 3.5 nm) containing successive amorphous and crystalline regions [2]. Elementary fibrils grouped together constitute the cellulose microfibrils (diameter up to 35 nm). 

Hemicelluloses

Hemicelluloses are generally more complex polymers made of different sugars. They differ from cellulose by their branched structure, their low molar masses (DP = 500 to 3,000)

and their different monomers (Figure 1.2). Softwoods (SW) and hardwoods (HW) hemicelluloses are constituted of both hexoses and pentoses in different proportions. As an example, hardwoods hemicelluloses are approximately 80 % xylan (made of xylose with acetyl and methylglucuronic acid groups). This characteristic matters since after delignification part of the residual xylan will still contains uronic acid units that noticeably affect pulp bleaching. The 20 % left are mostly glucomannan essentially made of acetylated and unacetylated mannose.

Cellulose and hemicelluloses are often indistinctly grouped under the term "carbohydrates". 5) and hexoses (6). Specific groups are hexuronic acids and deoxy-hexoses. The main sugars found in hardwoods are framed in blue. Adapted from [3].

Lignin

Lignin is the natural plastic present in wood. It is responsible for its stiffness as opposed to flexible cellulose. Native lignin, the lignin present in wood, is beige-coloured. Both its strength and colour are due to its high degree of unsaturation and 3D-reticulation. Pulping consists in delignification (extensive lignin removal) while bleaching aims at eliminating residual colour.

In the meantime fibre flexibility is considerably increased. Lignin is a complex polymer and rather hard to deconstruct because it is randomly polymerised in plants via combinatorial radical coupling of the three phenylpropane units that are p-coumaryl, coniferyl, and synapyl alcohols (Figure 1.3) [4,5]. SW lignin is mainly composed of coniferyl alcohol, while HW lignin contains both coniferyl (25 -50 %) and sinapyl (45 -75 %) alcohols [6]. The lignin units (phenylpropane) are linked by carbon-carbon (C-C) and ether (C-O-C) bonds (Figure 1.4). The most abundant ether bond is the β-O-4, representing 50 to 60 % of ether bonds in lignin [7,8].

A peculiar type of lignin linkage is the covalent bond with hemicelluloses, the so-called "Lignin-Carbohydrates Complex" (LCC) (Figure 1.3). LCCs are present in native wood [9] and bring further cohesion in the lignocellulosic matrix that constitutes wood fibres. In HW, they would be more present in poorly acetylated xylan [10]. 

Extractives

Finally, the other molecules form the "extractives" content of wood. There are organic (fatty and resinic acids, sterols, long chain aliphatic alcohols, phenols, terpenoids, gums...) and inorganic (metal salts) extractives. Some organic extractives are not entirely removed during delignification or even may deposit on fibres surface which may cause problem for the paper making (the so-called pitch deposits) [12,13]. Transition metal ions can lead to the formation of free radicals during oxygen delignification and hydrogen peroxide bleaching, decreasing the carbohydrates DP.

Kraft pulping

There are different ways of making lignocellulosic pulp out of wood chips. The different processes are responsible for pulp various properties and lead to a large number of paper endproducts. The three main types of processes are presented in Approximately 85 % of these bonds are cleaved during kraft pulping. The kraft process yield should be approximately 70 % if only the lignin was taken away.

However, a loss of carbohydrates during pulping is inevitable: in the alkaline conditions of the kraft cooking, hemicelluloses and cellulose are partly depolymerised. Part of these low molar masses chains are solubilised in the black liquor, decreasing the yield and therefore the cost-efficiency of the process. In the kraft pulping of HW, 90 % of the lignin is removed at the cost of 50 % of the xylan and 15 % of the cellulose [14].

Modifications of the kraft process brought some improvements. Kraft pulp extended delignification was achieved with the "modified continuous cooking" by performing a countercurrent liquor flow in the last cooking zone and division of the alkaline charge in several positions [18,19]. Other modifications along these lines were developed. Lower residual lignin content or higher cellulose DP at the same lignin content could be reached. Anthraquinone (AQ) is an additive that improves pulping selectivity by oxidation of carbohydrates reducing ends into relatively alkali-stable aldonic acids and by acting on quinone methide intermediates in a similar fashion to bisulfide anions, thus increasing the yield and improving delignification [20,21]. Another interesting additive is polysulfide (PS). PS can also allow for oxidation of carbohydrates reducing ends, improving carbohydrates stability, and would also further fragments lignin by destroying vinyl ether structures [22,23]. AQ and PS have been demonstrated to act synergistically when used together in the kraft cooking [24,25].

Note: delignification is assessed via the measurement of the kappa number (KN). This parameter

represents the amount of moieties oxidable by potassium permanganate, mostly lignin. The KN decreases along pulping and is usually nullified by the bleaching process. Typical KN values for kraft pulps are between 15 and 30.

Oxygen delignification: a pre-bleaching stage

Oxygen delignification was developed with the same goal of decreasing the bleaching chemicals demand by increasing pulp bleachability. Discovered in 1956 by Nikitin & Akim [26],

it was first industrially implemented in South Africa in 1970 [27]. Adapted from [1].

The limitation of the (O) stage is the extensive carbohydrates degradation occurring after depleting the KN by half. A solution for increasing maximum delignification is to use serial (O) stages with intermediate washes [28]. Two-stages oxygen (O)(O) is common practice in the industry, despite the higher capital cost. Typical KN values for oxygen-delignified kraft (K+O) pulps are in between 10 -20. Oxygen delignification is often considered as the beginning of the bleaching sequence but is also used as conventional bleaching stage in TCF sequences, usually combined with hydrogen peroxide or chelating stages.

Chemical structure of hardwoods oxygen-delignified kraft pulp

Condensation reactions and recalcitrant lignin linkages

Towards the end of the kraft cooking, the concentration of phenols in the liquor increases.

Therefore, lignin side-reactions called "condensation reactions" quickly add up and severely decrease the delignification rate by forming new chemical bonds between lignin fragments in solution and residual lignin in pulp [8,17,29]. The newly formed C-C bonds are generally stable regarding oxygen delignification, thus decreasing the pulp bleachability [30]. Furthermore, other condensation reactions may also occur during oxygen delignification [31].

Overall, many condensation reactions exist and have been described. Their major products are shown in Figure 1.7. One noteworthy possibility is the formation of new LCCs. Native

LCCs have been discovered in native wood [9,10] but new ones would be formed during pulping [32,33,34]. These linkages are alkaline-stable so about 90 % of kraft lignin in pulp would be covalently bound to carbohydrates, especially hemicelluloses [35,36,37]. Along with some unreactive lignin structures, LCCs would represent a large part of the recalcitrant lignin surviving the kraft cooking and oxygen delignification [38]. Reproduced from [39].

Quinones

The coloured moieties named quinones are formed during both kraft pulping and oxygen delignification (Figure 1.8). Present in the prebleached kraft pulp, they represent a thorn in its side for the bleaching process. In fact, their resonance-induced stability makes them unsensitive towards most bleaching chemicals [40].

The generation of ortho-quinones in kraft pulp starts with the formation of catecholate dianions resulting from the action of bisulfide on lignin methoxyl groups. This reaction is responsible for the foul-smelling mercaptans released by kraft mills. The catechol moiety is very sensitive towards oxygen chemistry and quickly turns into o-quinone under air exposure. The quinone methide intermediate produced during kraft cooking can also lead to the formation of para-quinone [41]. Quinones present in the residual kraft lignin are the main responsible for its dark colour. O-quinones are also a side-product of oxygen delignification, as seen in 

Hexenuronic acids

Another important feature of HW kraft pulp is the presence of 4-deoxy-L-threo-hex-4-enopyranosyluronic acid, conveniently called hexenuronic acid (hexA), on xylan chains.

HexA are the result of the β-elimination of methoxyl groups on the 4-O-methylglucuronic acid units of xylan, in the alkaline conditions of kraft cooking (Figure 1.9). Their formation in kraft pulp has been evidenced in 1995 by Teleman and co-workers [42]. Eucalyptus and birch trees are known to have a high content of methyl glucuronic acids. This results in a limited peeling reaction on xylan and thus a higher yield of the kraft cooking, but also in a larger hexA content compared to other kraft pulps. HexA are uncoloured but they consume bleaching chemicals and cause brightness reversion of pulp upon aging [43]. They also strongly bind metal ions, thus decreasing the efficiency of oxygen and hydrogen peroxide bleaching stages [44]. HexA interfere in the KN determination. Since they also consume potassium permanganate, the amount of residual lignin calculated from the KN for a HW pulp is overestimated [45,46]. Finally, there is no known effect of oxygen delignification on hexA [47]. 

ECF and TCF bleaching

Pulp bleaching is the process of removing colour and impurities (including residual lignin) from the pulp in order to obtain bleached fibres for different products. Kraft pulp requires several successive bleaching stages that together form the bleaching sequence. The main type of bleaching sequence nowadays is the Elemental Chlorine Free (ECF). Based on the use of chlorine dioxide (ClO 2 ) as lignin and lignin-issued chromophores destructor, these sequences have been implemented in the 1990's in order to replace the elemental chlorine (Cl 2 ) and hypochlorite (ClO -) based sequences that were proven hazardous for both human beings and the environment in general. In fact, the use of Cl 2 resulted in the generation of carcinogenic dioxines in paper products and in the bleach plant effluents [49]. Moreover, a large quantity of Adsorbable Organic Halides (AOX) was generated throughout the process. Part of them would be bioaccumulable and proven toxic to fish populations [50,51,52] and bacteria [53].

Together with extended cooking and oxygen delignification, the use of ClO 2 in Elemental Chlorine Free (ECF) bleaching sequences led to elimination of dioxins and to a drastic decrease of AOX. In Europe, AOX emissions have decreased by 95 % since 1990 [54]. Each country has its own regulation regarding AOX discharge, but the European Union defined a BAT (Best Available Technology) level at 0.25 kg of AOX per air-dry ton of bleached pulp This is explained by two main reasons. The first reason is the compliance of modern ECF bleaching regarding current environmental regulation in most countries. Moreover, ECF bleaching is well established and is still considered as the Best Available Technique (BAT) [58]. The second reason is that there might be a disregard towards TCF bleaching, as it can be associated with the difficulties this technology faced in its early stage. Indeed, whether these sequences were based on hydrogen peroxide and oxygen (TCFp) or ozone (TCFz), they had been rightfully criticised. TCFp sequences were -and still are -rather expensive, and unable to reach high and stable pulp brightness (over 86 %ISO).

On the other hand, ozone can offer high pulp brightness. But this advantage had been hindered by its most important drawback: the lowered degree of polymerisation of cellulose which might affect negatively the mechanical quality of paper [59,60]. This is totally unacceptable for bleached pulp producers who have to comply to demanding quality standards.

The cost of ozone generation has decreased since the use of the first industrial ozone generators and is now equivalent to that of chlorine dioxide. Furthermore, 1 mole of ozone is equivalent to 1.7 moles of ClO 2 in terms of exchanged electrons [61]. Currently, the main implementation of ozone is within ECF sequences (Figure 1.10), in order to decrease significantly the use of ClO 2 and the pollution coming with it. These sequences are called "ECF-light" and represent over 90 % of all industrial bleaching sequences using ozone. The number of bleach plants using an ozone bleaching unit increased from 19 in 1997 to 28 in 2017 [62,63].

Although AOX pollution is harmful for the environment, ECF technology complies with the most modern regulation regarding bleach plant effluent discharge. In Europe, 47 % of the kraft bleach plants release less than 0.17 kg of AOX/ADt, the upper limit for obtention of the EU ecolabel for tissue paper [64]. But, the shift towards harsher environmental regulation seems ineluctable. It is usually public awareness and alarming affairs like the recent case of potentially toxic chlorinated compounds detected in baby diapers sold in France despite elemental chlorine having been banned in the 80's [65]. Furthermore, the allowed levels of AOX discharge might be higher than the actual toxicity threshold for some of the chlorinated molecules, although this is still debated today: Moreover, and in spite of containing no AOX, TCF bleaching effluent might be as toxic as ECF ones, or more, depending on the bleaching agents or additives used (Table 1.3). All these reasons explain why ECF is still presented as the BAT for kraft pulp bleaching. Yet, the trend towards harsher chlorine discharge restrictions and ultimate ban in the future seems inevitable [66]. 

"

TCF and ECF equal TCF and ECF equal

Endocrine disruption

There is some evidence of endocrine disrupting substances in the effluent of both processes these are believed to originate from wood or naturally-occurring chemicals and the impact from the two processes is indistinguishable.

Bleaching chemistry

Chromophores and chromogens

The main way of removing residual lignin from kraft pulp is to functionalise it by oxidation. The formation of carboxylic acids on kraft lignin enhances its subsequent elimination in washing steps and especially alkaline extraction stages (E). Most of the bleaching chemicals are able to open the aromatic ring of free-phenolic units that constitute approximately 50 % of kraft lignin [1], forming muconic acid derivatives that increase lignin solubility and extraction

(Figure 1.11).
Brightness is defined as the amount of blue light reflected by paper irradiated by a source of light. High brightness is reached by eliminating coloured moieties, namely chromophores, mostly present in lignin and to a lesser extent, extractives and carbohydrates (Figure 1.11).

Native lignin in wood is beige-coloured whereas kraft pulp has a typical dark brown colour. Higher conjugation caused by the kraft chemistry (e.g. quinones) is responsible for the more intense emitted colour [68].

The main type of chromophores in bleached kraft pulps seems to be quinone derivatives [69,70,40]. They can originate from various sources, through oxidation mechanisms occurring both in the bleaching sequence and upon aging (Figure 1.12). Some metal ions such as iron Fe II could form coloured complexes with low molar masses organics but with a limited role in chemical pulps [71].

If the brightness of the pulp is not stable over time, then reaching a high brightness is pointless as it is chemical (and cost) intensive to obtain a few more points in brightness when already above 89 %ISO. Brightness stability is therefore an important characteristic of bleached pulp [72]. Brightness reversion -or yellowing -is a phenomenon affecting all bleached papers and is clearly observed for old books or newspapers. The moieties responsible for the yellowing are named chromogens. Upon aging, chromogens turn into or generate chromophores. Among chromogeneous species, sources from the literature make a difference between uncoloured ("leuco-chromophores") and coloured ("secondary chromophores") ones [73,40].

Both residual lignin [71] and oxidised groups on cellulose [74,75] contribute to brightness reversion by forming quinones. Additionally, hemicelluloses [76,77] and their oxidation products [78] are well-known contributors to pulp yellowing and so are hexA [79,80]. Finally, the oxidation products called "Theander products" [81] and metal ions [82] could also have a play in brightness reversion upon aging.

Each bleaching stage has its own specific effect on either chromophores or chromogens.

Their chemistry has to be understood so they can be used in the appropriate conditions and in the right position within the bleaching sequence. 

Chlorine dioxide stage (D)

ClO 2 is a highly unstable gas that needs to be generated on-site by reduction of chlorate ClO 3 -. In water, both its self-decomposition and the side-products of its reactions on lignin lead to the formation of the oxychlorine species: hypochlorous acid HOCl, chlorite ClO The pH matters because of the different equilibria between the oxychlorine species. A lower pH in the (D) stage will lead to increased lignin removal but higher amounts of AOX formed, while higher pH will result in the opposite trend. The optimal pH is 3 -3.5 for D 0 [85], the first (D) stage in the sequence, and slightly higher pH for later (D) stages (4 -4.5). Each bleach plant has its own pH strategy to optimise cost efficiency while complying to bleached pulp quality standards and AOX discharge regulation. Cl 2 action on lignin is assumed to be negligible at the usual pH of (D) stages. HOCl, however, is not (1 equivalent is formed for 2 consumed equivalents of ClO 2 ) and is responsible for the hexA removal in (D)

stages [86].

Overall, ClO 2 is an efficient bleaching chemical when used in optimal conditions. Its main advantage is its high selectivity. Only a mild carbohydrates degradation may occur due to the formation of HOCl in-situ. The main issue is the formation of AOX that cannot be circumvented except by reducing the amount of ClO 2 used in the bleaching sequence, ie. by using chlorine-free chemicals in ECF-light sequences. 

Ozone stage (Z)

Ozone is a very potent oxidant that can readily cut lignin moieties, making it a better delignification agent than ClO 2 . The first ozone bleaching plants date back from 1992 [60].

In aqueous media, ozone reacts on unsaturated compounds according to the Criegee reaction [88]. The formed ozone adduct yields muconic acid derivatives (Figure 1. 14). Quinones can also be formed as side-products of the reaction between ozone and free phenols. However, contrarily to ClO 2 , when used in excess O 3 can readily react with the quinones formed during the reaction with lignin [89,90]. This is likely to occur in the final (Z) stage of a bleaching sequence.

Perhaps the main critic about ozone bleaching is the carbohydrates depolymerisation it triggers. Ozone can directly cleave cellulosic chains but it reacts about 1,000 times faster with lignin [91] so this is not the main depolymerisation mechanism. Ozone self-decomposes in water into hydroxyl radicals HO • . These radicals are highly unstable and react with lignin and carbohydrates alike. They belong to the Reactive Oxygen Species (ROS) family that includes the superoxide radical O 2 -• . The presence of oxygen and HO • provokes a superoxide-mediated chain reaction within the fibres, thus degrading the carbohydrates. This theory was not sufficient to explain the observed carbohydrates depolymerisation. It has been proposed that the HO • radical is also generated when ozone reacts with lignin phenolic groups [92,93] and that ozone self-decomposition is negligible at pH < 3, which supports this mechanism [94].

Later on, Ragnar et al. [START_REF] Ragnar | A New Mechanism in the Ozone Reaction with Lignin Like Structures[END_REF] gave possible reaction mechanisms for the formation of both free radicals and the lignin ozonation products (Figure 1.14).

Figure 1.14:

Possible reactions between phenolic rings and ozone. A: electron transfer leading to the formation of the hydroxyl radical. B: Electrophilic addition of ozone followed formation of muconic acid derivative and hydrogen peroxide (Criegee reaction). Adapted from [START_REF] Ragnar | A New Mechanism in the Ozone Reaction with Lignin Like Structures[END_REF].

Until recently, the radicals were thought to be formed only by the reaction of ozone on phenols due to the high affinity of the oxidant with these moieties [START_REF] Decoret | Experimental and theoretical studies of the mechanism of the initial attack of ozone on some aromatics in aqueous medium[END_REF]. Work from Pouyet [87] proved that HO • radicals may be formed when ozone reacts on any C=C unsaturation (Figure 1.15). This new theory conveniently explained why the presence of hexA increased the carbohydrates DP loss after ozone bleaching [START_REF] Pouyet | Minimizing viscosity loss during totally chlorine-free bleaching of hardwood kraft pulp[END_REF][START_REF] Pouyet | On the origin of cellulose depolymerization during ozone treatment of hardwood kraft pulp[END_REF]. In fact, ozone readily reacts on hexA [START_REF] Wennerström | Decreasing brightness reversion with powerful ozone bleaching[END_REF] -faster than with lignin [100] -and more than one equivalent of ozone is required for fully oxidising one equivalent of hexA [101], as shown in Figure 1.16. Another adverse effect of the HO • radicals is the generation of carbonyl (CO) groups on the carbohydrates that will affect both carbohydrates degradation and colour formation, as explained later.

Effect of a hot acid stage (A)

As stated previously, hexA increase bleached pulp brightness reversion -or yellowing -so removing them in the bleaching sequence is of utmost interest. Additionally, hexA decrease the efficiency of both chlorine dioxide and ozone bleaching stages Moreover, the (A) stage has a positive side effect since the hexA are metal ions binding sites [43]. Some of these metal cations are known to affect the efficiency of bleaching stages like those using dioxygen, hydrogen peroxide and ozone [106,107,108]. It would also remove fragments of acid-soluble lignin, and possibly cleave LCCs [109].

Effect of other acidic stages

(D hot ) stage: An interesting idea that is now widely used in bleach plants has been to combine the effect of the (A) stage with that of a (D) stage, in the so-called "D hot " stage. This allowed for a lower capital cost for the plant by reducing the number of stages (-1) in the sequence. The (D hot ) stage consists in using the hot temperature required for hexA removal and extend the stage duration to at least 2h while still achieving high delignification similar to that of a conventional D 0 stage, without any carbohydrates degradation [110].

(Q) stage: Removing metal ions is mandatory in TCFp bleaching sequences since they catalyse hydrogen peroxide decomposition. This can be done in a chelating stage (Q), in a broad range of reaction conditions: 60 -90 °C, pH 4 -7, 30 to 60 min [49]. The major chelating agents used in the pulp & paper industry are EDTA and DTPA [START_REF] Granholm | Desorption of Metal Ions from Kraft Pulps. Part 1. Chelation of Hardwood and Softwood Kraft Pulp[END_REF].

(Pa) stage: Another type of chlorine-free bleaching chemical is the peracids family (peroxyacetic, peroxymonofulforic…). (Pa) stages are generally performed after a chelation stage (Q). Peracids can delignify kraft pulp with mild depolymerisation of the carbohydrates [START_REF] Liebergott | Peracid delignification and bleaching of chemical pulps. I: Delignification : this part reviews, the processes[END_REF][START_REF] Jääskeläinen | Chemical changes in residual lignin structure during peroxyacetic acid delignification of softwood kraft pulp[END_REF]. The main delignification reactions induced by peracids are aromatic ring hydroxylation, demethylation, and ring opening leading to formation of muconic derivatives and p-quinones [START_REF] Gierer | Chemistry of Delignification[END_REF] (Figure 1.17).

Figure 1.17: Lignin oxidation by a peracid. Reproduced from [72].

Despite the high brightness reachable with a (Pa) stage [START_REF] Potůček | Kraft pulp bleaching with hydrogen peroxide and peracetic acid[END_REF], as well as the elimination of hexA [START_REF] Petit-Breuilh | Hexenuronic acid removal from unbleached kraft eucalyptus pulp by peroxymonosulfuric acid[END_REF][START_REF] Tavast | Selectiveness and efficiency of combined peracetic acid and chlorine dioxide bleaching stage for kraft pulp in removing hexeuronic acid[END_REF][START_REF] Kuwabara | Impact on the Filtrate from Bleached Pulp Treated with Peroxymonosulfuric Acid for Effective Removal of Hexenuronic Acid[END_REF], peracids industrial application is marginal due to their instability, corrosive nature, and relative high cost compared to ClO 2 . Although peracids are often branded as a good alternative to ozone, it has been reported that a peracid-based TCF sequence demonstrated a lesser pulp brightness gain for equal carbohydrates degradation when compared to a

TCFz sequence [START_REF] Rizaluddin | Peroxymonosulfuric Acid Treatment as an Alternative to Ozone for Totally Chlorine-free and Elementary Chlorine-free Bleaching of Hardwoods Prehydrolysis-kraft Pulp[END_REF].

Effect of alkaline stages

(E) stage: In a (D) or (Z) stage, lignin is modified and fragmented but most of it is retained within the fibres, even after pulp washing. To improve the efficiency of the next oxidative stage the degraded lignin needs to be extracted. This is the role of the alkaline extraction stage (E) that removes about 80 % of the oxidised lignin [START_REF] Lierop | Caustic Extraction, Part I: Reaction Variables[END_REF]. Temperature has been shown to be the most important factor for greater extraction, typically between 60 and 80 °C, while pulp consistency, and reaction times superior to 1h have little effect. The alkaline conditions allow for better swelling of the fibres as well as solubilisation of oxidised lignin thanks to muconate moieties, for instance [START_REF] Dence | Pulp Bleaching: Principles and Practice[END_REF][START_REF] Brogdon | The Influence of the Bleaching Medium on Caustic Extraction Efficiency (I): The Role of Fiber Swelling[END_REF].

After a (D) stage, an alkaline extraction usually improves the pulp brigthness [START_REF] Brogdon | Caustic extraction in elemental chlorine-free bleaching sequences for softwood kraft pulps: A fundamental review and analysis[END_REF]. The opposite effect may be observed after (Z) or other cellulose-oxidative stage like hypochlorous acid (H). The reason is that in the alkaline conditions of (E), the CO groups on carbohydrates lead to the formation of quinones [START_REF] Forsskahl | Formation of aro-matic compounds. II. Reactions of D-xylose and D-glucosein alkaline, aqueous solutions[END_REF][START_REF] Vikkula | Formation of aromatic and other unsaturated end groups in carboxymethyl cellulose during hot alkaline treatment[END_REF] and probably phenolic groups [START_REF] Perrin | Brightness stability of eucalyptus-dissolving pulps: Effect of the bleaching sequence[END_REF]. Addition of oxygen and / or hydrogen peroxide improves the lignin extraction by further oxidising the already fragmented lignin hence facilitating its dissolution. These stages are usually noted (Eo), (Ep), and (Eop), respectively.

(P) stage: Hydrogen peroxide stages (P) are responsible for most of the brightness development in TCFp bleaching sequences. However, it is also responsible for the limited brightness (max. 86 %ISO) of TCFp pulps, as hydrogen peroxide is more efficient in brightening the pulp than in delignifying it. In fact, two kinds of reaction occur in the (P) stage.

On the one hand, there are brightening reactions that are dominated by the action of the perhydroxyl anion HOO -, a strong nucleophile capable of oxidising CO groups into COOH thus eliminating coloured moieties such as quinones [START_REF] Zwirchmayr | Degradation of the cellulosic key chromophores 2,5-and 2,6-dihydroxyacetophenone by hydrogen peroxide under alkaline conditions. Chromophores in cellulosics[END_REF].

On the other hand, there are delignification reactions initiated by radicals. These radicals are ROS that emerge from the self-decomposition of H 2 O 2 that occur at high temperature or with the presence of transition metal ions (Fenton reaction). Their effect on bleaching development is weak and they simultaneously promote carbohydrates degradation [START_REF] Ek | Study on the Selectivity of Bleaching with Oxygen-Containing Species[END_REF][START_REF] Chirat | Effect of Hydroxyl Radicals on Cellulose and Pulp and their Occurrence During Ozone Bleaching[END_REF].

That is why the temperature chosen for (P) is usually below Sequence type Nomenclature 1 Nomenclature 2

ECF O-D-Eop-D-P ODEopDP O-O-D-Eop-D OODEopD Dhot-Eop-D-P DhotEopDP ECF-light O-Z-Eo-D OZEoD DZ-Eop-D (DZ)EopD TCFp O-Q-Op-Zq-PO OQOpZq(PO) Q-OP-Q-PO Q(OP)Q(PO) TCFz O-A-Z-P OAZP O-Q-Op-Zq-PO OQOpZq(PO)

Application of UV Resonance Raman spectroscopy in assessing the bleaching of pulp

The broad range of chromophores and chromogens makes it often difficult to identify the main culprits for low bleaching development or high brightness instability, since they are dependent on the kraft and bleaching process chemicals and conditions used, as well as on the nature of the wood. Raman spectroscopy is a spectroscopic method based on the determination of the vibrational mode of molecules, which makes it similar to infrared spectroscopy.

Resonance Raman spectroscopy is a specific application of Raman spectroscopy: in this case, the laser wavelength is chosen to match as closely as possible that of an absorption band of the analyte, this increasing the emitted Raman intensity [START_REF] Smith | Resonance Raman Scattering -A Practical Approach[END_REF].

In pulp bleaching, Resonance Raman spectroscopy can give valuable insight on the nature of chromophores and chromogens in pulp [START_REF] Agarwal | Analysis of Cellulose and Lignocellulose Materials by Raman Spectroscopy: A Review of the Current Status[END_REF]. Unfortunately, many chromophores in lignin present a strong fluorescence in visible light Raman scattering. A way to work around this problem is to use UV wavelengths [START_REF] Halttunen | Study of residual lignin in pulp by UV resonance Raman spectroscopy[END_REF][START_REF] Perander | Determination of residual lignin from pulp samples with UV resonance Raman spectroscopy[END_REF]. Many C=C unsaturations resonate well at 244 nm, especially aromatic rings and hexA [START_REF] Saariaho | Simultaneous quantification of residual lignin and hexenuronic acid from chemical pulps with UV resonance Raman spectroscopy and multivariate calibration[END_REF], while most chromophoric CO groups (C=C conjugated with a C=O containing benzyl ring) resonate towards 270 nm [77].

A quantitative model for lignin and hexA determination by UV Resonance Raman (UVRR) spectroscopy has been developed and shown to give reliable results for semi-bleached and bleached kraft pulps [START_REF] Jääskeläinen | Quantification of Lignin and Hexenuronic Acid in Bleached Hardwood Kraft Pulps: A New Calibration Method for UVRR Spectroscopy and Evaluation of the Conventional Methods[END_REF]. More recently, the use of a UVRR spectrophotometer to analyse TCFz-bleached dissolving pulp gave valuable information on the effect of alkaline extraction stages on oxidised cellulose [START_REF] Perrin | Brightness stability of eucalyptus-dissolving pulps: Effect of the bleaching sequence[END_REF]. Paper strength comes from the entanglement of bleached wood fibres. The most important factor affecting paper strength is the number of fibre-fibre bonds [START_REF] Page | A theory for the tensile strength of paper[END_REF]. Fibre-fibre bonding depends on the three key parameters that are relative bonded area, fibre dimensions (length, coarseness...), and single fibre strength [START_REF] Laine | Changes in the fiber wall during refining of bleached pine kraft pulp[END_REF]. A fourth noteworthy parameter would be the increase of fibres (total or surface) charge [START_REF] Andreasson | The porous structure of pulp fibres with different yields and its influence on paper strength[END_REF]. Additional charge would bring chemical bonding [START_REF] Laine | Studies on topochemical modification of cellulosic fibres. Part 3. The effect of carboxymethyl cellulose attachment on wet-strength development by alkalinecuring polyamide-amine epichlorohydrin resins[END_REF], enhance fibres swelling ability [START_REF] Torgnysdotter | Influence of electrostatic interactions on fibre / fibre joint[END_REF][START_REF] Zhao | Further understanding the influence of fiber surface and internal charges on the interfiber bonding capability and resulting paper strength[END_REF] and flexibility [START_REF] Mayr | Cationization of Lignocellulose as a Means to Enhance Paper Strength Properties[END_REF].

Bleaching and refining / beating improve the network flexibility and fibres fibrillation, respectively, hence increasing the contact area among fibres [START_REF] Gullichsen | Fibre line operations[END_REF][START_REF] Risén | Influence of fiber properties on the network strength of softwood and hardwood kraft pulp fibers from different stages of a bleaching sequence[END_REF]. Where TS is the paper tensile strength; ZSTS is the paper zero-span tensile strength; A is the mean fibre cross-sectional area; ρ is the density of the fibrous material; g is the acceleration due to gravity; b is the shear strength per unit area of the fibre-fibre bonds; P is the perimeter of the average fibre cross section; L is the mean fibre length; R.B.A. is the fraction of fibre surface that is bonded in the sheet.

Paper tearing resistance (X) has been tentatively correlated to the ZSTS [START_REF] Seth | Fiber properties and tearing resistance[END_REF] although tearing strength also seems greatly affected by fibres surface degradation [START_REF] Kontturi | Fibre surface and strength of a fibre network[END_REF] so there seems to be no simple correlation between this parameter and single fibre strength.

The single fibre strength

The single fibre strength decreases along the bleaching sequence because of the lowered lignin content [START_REF] Risén | Influence of fiber properties on the network strength of softwood and hardwood kraft pulp fibers from different stages of a bleaching sequence[END_REF][START_REF] Jajcinovic | Strength of individual hardwood fibres and fibre to fibre joints[END_REF]. This explains the decreased paper strength loss associated with pulp delignification / bleaching. Bleached fibres strength is associated with the angle between the fibre axis and main orientation of the cellulose microfibrils in the S 2 layer and with the crystalline cellulose content [START_REF] Page | The mechanical properties of single wood pulp fibres[END_REF][START_REF] Page | Strength and Chemical Composition of Wood Pulp Fibres[END_REF]. Ultimately, the bleached fibre strength can be somehow correlated to the cellulose DP [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF], albeit with various relationships depending on the nature of the carbohydrates degradation (homogeneous or localised within the fibres).

Carbohydrates depolymerisation along the pulping and bleaching processes

Kraft pulping: the peeling and alkaline hydrolysis reactions

The carbohydrates DP decreases all along the kraft pulping and bleaching processes. Usually, the cleavage of cellulose chains occurs in the amorphous regions [START_REF] Dimmel | Influence of Carbohydrate Physical State on Pulping and Bleaching Chemistry[END_REF]. Hemicelluloses being amorphous per se, they are easily subject to chemical degradation.

As stated in the first part of the literature review, an inevitable carbohydrates loss occurs during kraft pulping. This is due to two degradation mechanisms occurring in the cellulose amorphous regions [START_REF] Evans | Changes in Cellulose Crystallinity During Kraft Pulping: Comparison of Infrared, X-ray Diffraction and Solid State NMR Results[END_REF] but also greatly affecting hemicellulose chains.

The first mechanism is the alkaline peeling reaction: a depolymerisation of both cellulose and hemicellulose chains. The peeling starts on the reducing end of the carbohydrates molecular chains already when the temperature reaches 80 °C, before the beginning of the bulk delignification [1]. This reaction decreases the carbohydrates chains length unit of anhydroglucose per unit before eventually a carboxylic group is formed and stops the chain depolymerisation.

For xylan, the presence of a methylglucuronic acid or hexA group on xylose also stops the peeling. The cleaved sugar units turn into isosaccharinic acid and are responsible for a 40 -60 % consumption of the effective alkali in white liquor.

The second degradation mechanism takes place for temperature above 140 °C: it is the alkaline hydrolysis. This reaction creates new reducing ends and provokes a secondary peeling that starts after the primary peeling is complete, its reaction rate being about six orders of magnitude smaller than the primary peeling reaction [START_REF] Lai | Kinetics of alkaline hydrolysis of glycosidic bonds in cotton cellulose[END_REF][START_REF] Haas | Kinetic study on the alkaline degradation of cotton hydrocellulose[END_REF]. The relevant reactions are depicted on Figure 1.19.

Because of peeling and alkaline hydrolysis, the cellulose DP ranging initially from 8,000 to 10,000 units in wood goes down to approximately 2,000 in kraft pulp. Another consequence of carbohydrates depolymerisation is the solubilisation of the low molar mass hemicelluloses into the black liquor, due to their carboxylic acid groups. A result is the consequent yield loss (approx. 20 % of the initial pulp weight) that can be predicted by models based on the average DP loss and pulping conditions [START_REF] Heiningen | Relationship Between Alkaline Pulp Yield and The Mass Fraction and Degree of Polymerization of Cellulose in Pulp[END_REF][START_REF] Da Silva Perez | Prediction of alkaline pulping yield: equation derivation and validation[END_REF].

Oxygen delignification: the radical-induced depolymerisation

In the oxygen delignification stage, the alkaline and temperature conditions allow for further peeling of the carbohydrates, as described for the kraft pulping.

A second degradation pathway is by radical oxidation. The electronic transfer between (2) peeling of reducing end groups eventually followed by a stopping reaction (3). In this example, the presence of methylglucuronic acid (4-O-MeGlcA) will prevent the peeling from shortening further the xylan backbone. Adapted from [START_REF] Fearon | Detailed modeling of the kraft pulping chemistry: carbohydrate reactions[END_REF].

oxygen and phenolic aromatic groups leads to the formation of superoxide radical O 2 -• . This radical is part of the Reactive Oxygen Species (ROS) and is usually the precursor of all the other ROS which are extremely reactive molecules. In fact, superoxide dismutes into dioxygen and hydrogen peroxide H 2 O 2 . In the presence of transition metals (Fe, Cu, Mn), H 2 O 2 in turn decomposes into hydroxide ions (HO -) and hydroxyl radicals (HO • ). These unstable radicals are quite unselective as they react less than ten times faster with lignin that with carbohydrates [START_REF] Ek | Study on the Selectivity of Bleaching with Oxygen-Containing Species[END_REF]. They provoke carbohydrates depolymerisation directly in aerated media (Figure 1.20)

or indirectly through the introduction of CO groups that may lead to β-alkoxy elimination once in alkaline environment.

Additionally, it has been proven that even oxygen can dimerise into HO • when in the presence of metal ions [START_REF] Cardona-Barrau | Action of Oxygen on the Carbohydrates of a Kraft Pulp. The Influence of a Sodium Borohydride Pre-treatment[END_REF], and that radicals even less selective that HO • , the oxyl radicals O -• , are formed for pH > 11.5. Thus, a chelation stage (Q) greatly improves the selectivity of a following (O) stage, and keeping the pH below 12 allows for reduction of the amount of oxyl radicals. Finally, to mitigate the adverse effect of hydroxyl radicals on the carbohydrates DP loss, magnesium sulfate (MgSO 4 ) addition generally caps the DP loss by approximately 30 % [START_REF] Robert | Possible use of oxygen in bleaching paper pulps. 1. Improvements contributed by adding a catalyst: optimal conditions for the treatment with oxygen[END_REF]. Two mechanisms would explain the protection of cellulose:

1/ Mg 2+ ions would form complexes with the carbonyl groups on carbohydrates and protect them from β-elimination in the alkaline conditions of the (O) stage [START_REF] Defaye | Magnesium salts in the alkaline-oxygen degradation of cellulose[END_REF].

2/ MgSO 4 , in the alkaline medium, forms Mg(OH) 2 precipitates that could encapsulate metal ions responsible for the generation of ROS [START_REF] Ericsson | Factors influencing the carbohydrate degradation under oxygen alkali bleaching[END_REF][START_REF] Gilbert | Mechanism of magnesium retardation of cellulose degradation during oxygen bleaching[END_REF]108]. This latter explanation seems prevalent [START_REF] Bouchard | MgSO4 vs. Mg(OH)2 as a cellulose protector in oxygen delignification[END_REF].

Bleaching

In ECF bleaching, there is only a mild depolymerisation of the carbohydrates with an observed DPv loss usually below 20 %. This can be due to the in-situ formation of HOCl in generation of carbonyl groups via hydrogen abstraction by hydroxyl radicals, followed by a β-alkoxy elimination reaction in alkaline conditions. Adapted from [START_REF] Chirat | Effect of Ozone on Pulp Components. Application to Bleaching of Kraft Pulps[END_REF][START_REF] Chirat | Effect of Hydroxyl Radicals on Cellulose and Pulp and their Occurrence During Ozone Bleaching[END_REF] and [87].

(D) stages, β-elimination reactions in (E) stages, or ROS-induced degradations in (Ep) or (P) stages.

On the other hand, ozone itself can depolymerise cellulose (Figure 1.21). The mechanism would proceed in three steps: formation of the carbonyl groups, oxidation of carbonyl groups to carboxylic acids, and decarboxylation resulting in the cleavage of the glycosidic bond [START_REF] Lemeune | Effects of ozone and chlorine dioxide on the chemical properties of cellulose fibers[END_REF].

However, the main mechanism responsible for cellulose chains cleavage is believed to be the radical pathway. As presented in section 1.2.2, ozone can react on both lignin and hexA C=C unsaturations and generate hydroxyl radicals. These radicals can provoke a direct depolymerisation of cellulose in aerated media or indirectly via β-elimination reactions in alkaline media.

These mechanisms have been described in Figure 1.20. Methods for mitigating the ozone-induced depolymerisation of the carbohydrates:

Suffering from the misleading belief that a decrease in DPv is associated with paper strength loss, ozone bleaching technology has been the subject of constant investigation in order to mitigate the DPv loss. As a reminder, this is evidenced by the large number of bleaching plants using ozone in ECF-light sequences and the quasi-absence of industrial TCFz sequences.

Some authors have recommended the use of cellulose protectors, such as in the (O) stage [START_REF] Roncero | Cellulose protection during ozone treatments of oxygen delignified Eucalyptus kraft pulp[END_REF][START_REF] Jablonský | Influence of new cellulose protectors in ozone bleaching[END_REF]. A very damaging stage in a TCFz sequence being (P) following (Z), magnesium salts prevent the pulp from receiving additional degradation coming from the self-decomposition of hydrogen peroxide [START_REF] Pouyet | Method for treating chemical pulps by treatment with ozone in the presence of magnesium ions[END_REF]. A slight increase of the DPv could also be noted when adding MgSO 4 in a (E) stage after (Z). Other additives act as radical scavengers to quench the hydroxyl radicals before they can react with the carbohydrates. Such scavengers include organic acids such as oxalic acid whereas inorganic salts are ineffective [170,[START_REF] Roncero | Increasing the selectivity of ozone bleaching of eucalypt kraft pulp. Part B[END_REF][START_REF] Jablonský | Cellulose protectors for improving ozone bleaching -Review[END_REF]. Overall, these cellulose protectors may also improve ozone bleaching by enhancing the ozone mass transfer within the fibres [START_REF] Cogo | Effect of reaction medium on ozone mass transfer and applications to pulp bleaching[END_REF].

The acid hydrolysis of pulp in a (A) stage prior to (Z) stages is a recommended strategy for ozonation of HW pulps with high hexA contents, such as eucalyptus and birch. This A great idea for both brightness development and DPv loss mitigation was the implementation of multi-stage ozonation like for oxygen-delignification. Kobayashi et al. [START_REF] Kobayashi | Effects of Multistage Ozone Bleaching Process of Pulp[END_REF] proved that three consecutive stages (Z) allowed for reaching over 80 %ISO brightness with 40 % less ozone than for a single stage, with a 35 % (non-reduced) DPv improvement. Allison [START_REF] Allison | Bleaching alkaline pulps from Pinus radiata[END_REF] showed the improvement of brightness and pulp DPv by using two (Z)(P) stages, compared to single (Z)(P). Later on, Kishimoto et al. [START_REF] Kishimoto | Ozone Bleaching of Atmospheric Acetic Acid Hardwood Pulp from Betula platyphylla var. japonica Hara[END_REF] obtained overall better bleaching results on HW acetic acid pulp by using three consecutive (Z) stages, compared to a single or double (Z).

Using intermediate alkaline stages (E) in a ZEZEZ sequence also resulted in greater delignification and selectivity values.

These improvements were recently confirmed [START_REF] Pouyet | Minimizing viscosity loss during totally chlorine-free bleaching of hardwood kraft pulp[END_REF] and foreshadowed that optimised TCFz sequences using an (A) stage and multi-(Z) may compete in terms of final brightness and DPv with conventional ECF bleaching sequences.

Pulp viscosity, an insufficient indicator of paper strength

The DPv gives a poor estimation of the true carbohydrates average degree of polymerisation

The viscosimetric DP (DPv) of cellulose has been extensively used by the pulp & paper industry since the early 50's to evaluate carbohydrates degradation in pulp throughout the pulping and bleaching processes. It is routinely determined in both paper mills and research laboratories via a viscosity measurement of the pulp preliminarily dissolved in cupriethylenediamine (Cuen), hence the notation "DPv", in contrast to other methods giving access to the molar mass (Mw) such as Size Exclusion Chromatography (SEC) [START_REF] Zellcheming | Bestimmung der Grenz-viskositätszahl (GVZ) von Cellulose in Kupferethylendiamin-Lösung (Cuen)[END_REF][START_REF] Potthast | Oxidative modifications of cellulose in the periodate system -Reduction and beta-elimination reactions[END_REF]. The first correlation between (intrinsic) viscosity of cellulose nitrates dissolved in various solvents and molecular weight Mw was given by Immergut and co-workers [START_REF] Immergut | Viskositätszahl-Molekulargewichts-Beziehung für Cellylose und Untersuchungen von Nitrocellulose in verschiedenen Lösungsmitteln[END_REF], based on the Mark-Houwink equation:

[η] = K M × Mw a
Where [η] is the intrinsic viscosity of the dissolved cellulosic sample (in dL/g); K M and a are coefficients depending on the solvent used; Mw is the average molecular weight of cellulose (in g/mol).

This allowed for calculation of the Mw and thus for estimation of the cellulose average DP.

Following the work of Immergut, Sihtola et al. [START_REF] Sihtola | Comparison and conversion of viscosity and DP-values determined by different methods[END_REF] established the equation for Cuen solvent:

DPv = 0.75 × (954 × log(ν) -325) 1.105
Where ν is the viscosity of the cellulosic sample dissolved in Cuen, expressed in mPa.s.

However, this was later on criticised since this pioneer work was performed on degraded nitrocellulose. Evans & Wallis [START_REF] Evans | Cellulose molecular weights determined by viscometry[END_REF] then introduced a corrected equation:

DPv = 1.65 [η]
Where [η] is the intrinsic viscosity of the cellulosic sample dissolved in Cuen (dL/g).

Finally, da Silva Perez & van Heiningen [START_REF] Da Silva Perez | Determination of cellulose degree of polymerization in chemical pulps by viscosimetry[END_REF] established an equation for calculating the cellulose DP from paper grade pulps dissolved in Cuen by taking into account the (low molar mass) hemicellulose content:

DPv = ( 1.65[η] -116H G ) 1.111
Where [η] is the intrinsic viscosity of the cellulosic sample dissolved in Cuen (dL/g); G and H are the cellulose and hemicellulose mass fractions, respectively in the (lignin-containing) pulp.

Results obtained with these two more recent equations gave higher DP values than the ones obtained with the Sihtola-derivated standards (SCAN and ISO). But despite its probable wrong estimation of the real cellulose DP, the standard DPv measurement is a robust and cheap method which can be readily applied to compare the average DP of the carbohydrates in various lignocellulosic samples. Indeed, one can also measure a lignin-rich pulp DPv by performing a holocellulose treatment (Hol), using an excess of sodium chlorite which removes the lignin.

Despite being cheap and extensively used, the Cuen method suffers from several technical limitations. In fact, for the DPv determination to be adequate no carbohydrates chains cleavage must occur during the analytical procedure.

A first possible source of error is the use of a (Hol) treatment to remove lignin. This treatment (70 °C, 2h, low consistency) needs to be applied with care since in a relative absence of lignin, such as in semi-bleached pulps, a mild depolymerisation of cellulose can occur [START_REF] Hubbell | Effect of acid-chlorite delignification on cellulose degree of polymerization[END_REF].

It has been recommended to apply one (E) stage to extract the lignin oxidised during the holocellulose treatment and retained within the fibres [START_REF] Mortha | Depolymerization of cellulose during cold acidic chlorite treatment[END_REF]. However, this alkaline extraction stage may also deteriorate the cellulose.

A major issue with the DPv method is the depolymerisation of oxidised carbohydrates in Cuen. Oxidation mechanisms leading to CO groups formation on cellulose and hemicelluloses can be triggered by chemicals (ie. ozone, hypochlorous acid, peracids...), metals, sonication, or aging [START_REF] Potthast | Analysis of Oxidized Functionalities in Cellulose[END_REF]. In alkaline conditions such like in the dissolution step in Cuen solution, the β-alkoxy elimination provokes carbohydrates chains scissions around the CO groups (Figure 1.21). Thus, in the case of even slightly oxidised pulp, a sodium borohydride (NaBH 4 ) reduction of carbonyl groups has been proposed to obtain a "DPv B " value as close as possible to the real DP value [START_REF] Fuhrmann | Effects of ECF and TCF bleaching sequences on the properties of softwood kraft pulp[END_REF]. However, it was shown that the NaBH 4 reduction is never complete [START_REF] Chirat | Effect of Ozone on Pulp Components. Application to Bleaching of Kraft Pulps[END_REF]. For pulps severely oxidised with periodate, the β-elimination has been shown to seriously compete with the parallel NaBH 4 reduction of CO groups because of the alkalinity of the reduction medium [START_REF] Potthast | Oxidative modifications of cellulose in the periodate system -Reduction and beta-elimination reactions[END_REF]. A similar phenomenon for mildly oxidised pulps cannot be excluded.

The dissolution time is also critical since a longer time will lead to more complete βelimination reactions. This is the case for hemicellulose-containing bleached pulps but also true for cotton linters which are usually considered made of "pristine" (unoxidised) cellulose [START_REF] Ahn | Influence of solvents used for viscometry on oxidized cellulose: Influence of CED on various pulps[END_REF]. This can be another source of errors when comparing DPv values of pulps obtained in different mills since protocols are commonly modified depending on the type of pulp, as some pulps require longer dissolution times [START_REF] Zaccaron | How alkaline solvents in viscosity measurements affect data for oxidatively damaged celluloses. Cuoxam and Cadoxen[END_REF]. The DPv determination standards usually require dissolution time superior to 30 min whereas most pulp samples are well dissolved in only 5 min [START_REF] Ahn | How Alkaline Solvents in Viscosity Measurements Affect Data for Oxidatively Damaged Celluloses: Cupri-Ethylenediamine[END_REF].

Finally, in a recent work, cellulose dissolved in the Cuen solution was reprecipitated with acid and injected into SEC after re-dissolution in DMAc / LiCl (8 %) [START_REF] Ahn | How Alkaline Solvents in Viscosity Measurements Affect Data for Oxidatively Damaged Celluloses: Cupri-Ethylenediamine[END_REF]. It was shown that the high Mw cellulose chains of a regular (unoxidised) HW bleached sulphite pulp suffered from scissions in the Cuen solution. Also, for other two organometallic solvents similar to Cuen (Cuoxam and Cadoxen), the hemicelluloses were noticeably degraded by the alkaline conditions of the dissolution step [START_REF] Zaccaron | How alkaline solvents in viscosity measurements affect data for oxidatively damaged celluloses. Cuoxam and Cadoxen[END_REF]. This adds even more uncertainty to the viscosity method.

The obscure link between the pulp DPv and mechanical properties

Contradictory results have been obtained in the literature when trying to correlate decreased fibre and paper strength, to the pulp DPv loss occurring during specific stages in the pulping and bleaching processes [START_REF] Rydholm | Pulping Processes[END_REF]. Indeed, the idea that fibre strength decreases with the pulp viscosity is generally accepted and explains why the DPv determination is widely used to predict paper strength, especially in paper mills. However, this has been criticised many times in previous works because the sheer number of variables playing on paper mechanical properties cannot be assessed by one single measurement, especially when that measurement suffers from unreliability due to possible degradation occurring during the dissolution step and caused by pre-analytical treatments (Hol, E), oxidised carbohydrates, or very long dissolution time... This issue is of utter importance for the development of ozone bleaching because initial pilot trials implementing ozone in ECF sequences resulted in pulp of lesser strength, and this was attributed at the time to the DPv loss [START_REF] Mokfienski | Pilot-plant experience with ozone in TCF bleaching of eucalyptus pulp[END_REF].

All the studies reviewed in the following have been wisely performed on Hol-treated or ECF-bleached pulps as the lignin contribution to paper strength would skew any analysis based on the carbohydrates DPv loss [START_REF] Carvalho | Cellulose Depolymerisation and Paper Properties in E . Globulus Kraft Pulps[END_REF].

Pseudo-correlations have been obtained for several cellulose degrading treatments such as kraft pulping and oxygen delignification. But each unique combination of wood species and pulping process would present its own viscosity-strength relationship [START_REF] Swenson | Viscosity-strength relation in bleached pulps. I[END_REF][START_REF] Seth | Fiber properties and tearing resistance[END_REF]. Also, different chemical degradations would have unequal impact on mechanical properties. For instance, acid hydrolysis and cellulase enzymes are known to severely lower paper mechanical strength [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF][START_REF] Berggren | Fiber strength in relation to molecular mass distribution of hardwood kraft pulp[END_REF]. The result is a puzzling panel of pulps with differing mechanical properties despite having the same DPv. Two sound examples are pulp sonication where the pulp strength decreases without any change in DPv, and pulp exposure to heat that can increase strength properties despite a considerable DPv loss [START_REF] Caux | Modificações da celulose kraft branqueada de eucalipto por tratamento térmico e de radiação ultravioleta[END_REF].

Allison [START_REF] Allison | Extended Oxygen Delignification of Alkaline Pulps from Pinus radiata[END_REF] then Oglesby et al. [START_REF] Oglesby | Does kraft hardwood and softwood pulp viscosity correlate to paper properties?[END_REF] noted that there was no general viscosity-paper strength correlation for ECF-bleached kraft pulps with DPv values above 1120. According to de Caux et al. [START_REF] Caux | Limitations of bleached eucalyptus pulp viscosity as determinant for its quality[END_REF] and Oglesby et al. [START_REF] Oglesby | Does kraft hardwood and softwood pulp viscosity correlate to paper properties?[END_REF], the paper strength loss was observed only for DPv values below a critical DPv value -noted here "DPv crit " -between 1000 and 1050 for intensified K+O conditions on HW chips, as presented in Figure 1.22. In the work from de Caux et al. [START_REF] Caux | Limitations of bleached eucalyptus pulp viscosity as determinant for its quality[END_REF], this phenomenon was only observed for the tearing index without any clear decrease of the tensile strength. Contradicting results were obtained by Shin & Stromberg who showed a linear decrease of the tensile strength with the DPv, whatever its value [START_REF] Shin | Impact of cooking conditions on physical strength of eucalyptus pulp[END_REF]. Bleached HW kraft paper strength correlation with viscosity loss showing a plateau followed by a constant decrease starting on a specific DPv value, the "DPv crit ". Plots adapted from [START_REF] Caux | Limitations of bleached eucalyptus pulp viscosity as determinant for its quality[END_REF] (top) and [START_REF] Oglesby | Does kraft hardwood and softwood pulp viscosity correlate to paper properties?[END_REF] (bottom).

Oglesby et al. [START_REF] Oglesby | Does kraft hardwood and softwood pulp viscosity correlate to paper properties?[END_REF] showed that the ZSTS was linearly correlated to the DPv albeit they did not find any critical threshold similar to the one found for paper strength. Nevertheless, a critical viscosity value for the ZSTS was observed by Gurnagul et al. [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF] and Iribarne et al. [START_REF] Iribarne | High-pressure oxygen delignification of kraft pulps[END_REF] on extensively oxygen-delignified pulps. The reported DPv crit ranged from 1010 [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF][START_REF] Berggren | Alkaline degradation of birch and spruce: Influence of degradation conditions on molecular mass distributions and fibre strength[END_REF] to 1170 [START_REF] Iribarne | High-pressure oxygen delignification of kraft pulps[END_REF], as shown in Figure 1.23.

A possible reason for the different patterns observed by Oglesby et al. [START_REF] Oglesby | Does kraft hardwood and softwood pulp viscosity correlate to paper properties?[END_REF] on the one hand, and Gurnagul et al. [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF], Iribarne et al. [START_REF] Iribarne | High-pressure oxygen delignification of kraft pulps[END_REF] and Berggren et al. [START_REF] Berggren | Alkaline degradation of birch and spruce: Influence of degradation conditions on molecular mass distributions and fibre strength[END_REF] on the other hand could be the different methodology used for ZSTS determination: dry or wet state. The and [START_REF] Iribarne | High-pressure oxygen delignification of kraft pulps[END_REF].

zero-span testing has been the subject of debates in the past. It had been assumed that rewetting dry paper sheets would eliminate inter-fibre bonding [START_REF] Cowan | Preprints[END_REF] but Gurnagul & Page [START_REF] Gurnagul | The difference between dry and rewetted zero-span tensile strength of paper[END_REF] stated that rewetting would decrease the strength of single fibres damaged by chemicals or refining, hence the rewetted ZSTS would not represent the strength of individual dry fibres but rather local defects induced by either chemical or mechanical treatments [START_REF] Mohlin | Fiber deformation and its implications in pulp chracterization[END_REF]. Also, hornification of fibres during the drying would affect the dry ZSTS [START_REF] Oksanen | The role of hemicelluloses in the hornification of bleached kraft pulps[END_REF]. Comparing ZSTS obtained on dry and rewetted sheets is therefore quite risky.

Localised degradations have contrasted effect on fibres strength

Looking back at the results from Gurnagul et al. [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF] in Figure 1.23, it is clear that the enzyme and liquid phase HCl treated kraft fibres did not show any DPv crit . The ZSTS decreased rapidly with the cellulose DPv. Also discussed by Berggren et al. [START_REF] Berggren | Fiber strength in relation to molecular mass distribution of hardwood kraft pulp[END_REF], the suspected cause for this dramatic decrease of fibre strength is that both cellulase enzymes and strong acid treatments cause cellulose depolymerisation in the local defects of the fibres, severely weakening them despite a relatively low decrease of the DPv. The homogeneous / uniform or localised nature of the cellulose degradation within the fibre [START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF][START_REF] Sjöholm | Fibre strength in relation to molecular weight distribution of hardwood kraft pulp. Degradation by gamma irradiation, oxygen/alkali or alkali[END_REF][START_REF] Berggren | Fiber strength in relation to molecular mass distribution of hardwood kraft pulp[END_REF][START_REF] Berggren | Alkaline degradation of birch and spruce: Influence of degradation conditions on molecular mass distributions and fibre strength[END_REF] or within wood chips [START_REF] Carvalho | Cellulose Depolymerisation and Paper Properties in E . Globulus Kraft Pulps[END_REF][START_REF] Li | Nonuniformity of carbohydrate degradation during kraft pulping-measurement and modeling using a modified G-factor[END_REF] has been proposed as one of the main reasons for the observed differences in mechanical quality between pulp samples of equal DPv.

On the other hand, a degradation targetting specifically the fibre surface has been shown

to affect exclusively the tearing resistance of paper, as stated earlier [START_REF] Kontturi | Fibre surface and strength of a fibre network[END_REF]. Application of peroxymonosulphuric acid on eucalyptus kraft pulp was shown to result in a pulp DPv drop that was followed by a decrease of the tearing index [START_REF] Petit-Breuilh | Hexenuronic acid removal from unbleached kraft eucalyptus pulp by peroxymonosulfuric acid[END_REF]. However, such correlation could not be observed for the tensile or burst index (Figure 1.24). Hence, peracid-induced degradation of cellulose may probably affect cellulose fibrils within the fibres surface (P + S 1 and S 3 layers). 

Contrasted results concerning ozone and fibres or paper strength are found in the literature

A large number of studies regarding the impact of ozone bleaching on kraft fibres or paper strength have been reported in the literature and works prior to 1992 have been summarised

by Byrd [START_REF] Byrd | Delignification and bleaching of chemical with ozone: A literature review[END_REF]. When compared to conventionally bleached (ECF) pulps, ozone-bleached pulps would show either identical or lower strength properties [START_REF] Germgard | Ozone bleaching of softwood kraft pulp -Influence on pulp quality[END_REF][START_REF] Lindholm | Effect of pulp consistency and pH in ozone bleaching. Part 6. Strength properties[END_REF][START_REF] Gupta | OZ Prebleaching: Influence on Viscosity and Sheet Strength[END_REF][START_REF] Odermatt | The Application of NaBH4 to improve the Properties of Ozonated Softwood Kraft Pulp[END_REF][START_REF] Fuhrmann | Ozone bleaching in ECF sequences -where and why ?[END_REF], and sometimes even higher strength [START_REF] Rothenberg | Bleaching of oxygen pulps with ozone[END_REF][START_REF] Soteland | Interstage ozone treatment of hardwood high yield pulp[END_REF][START_REF] Sanusi | Bleaching of Red Lauan chemical pulps with ozone and hydrogen peroxide. , 38(11), 1136-1143[END_REF][START_REF] Petit-Conil | Ozone in the production of softwood and hardwood high-yield pulps to save energy and improve quality[END_REF][START_REF] García | Initiating ECF bleaching sequences of eucalyptus kraft pulps with Z/D and Z/E stages[END_REF][START_REF] Kaur | Effect of incorporation of ozone prior to ECF bleaching on pulp, paper and effluent quality[END_REF]. A constant throughout the works cited by Byrd is that the pulp DPv is decreased by ozone, and that the applied ozone charge is always superior to 0.5 % on o.d. pulp. Lesser ozone charges do not seem to be detrimental to strength [START_REF] Petit-Conil | Ozone in the production of softwood and hardwood high-yield pulps to save energy and improve quality[END_REF][START_REF] Mishra | The effect of introducing ozone in elemental chlorine free bleaching of eucalyptus kraft pulp[END_REF][START_REF] Burnet | Ozone in sequence and at different places as an interesting bleaching chemical for eucalyptus kraft pulp[END_REF].

A first issue with comparing strength of ozone-bleached pulps from different articles is that in some cases, usually low or medium consistency ozone bleaching experiments, the pulp was severely mixed for improving mass transfer. This can lead to mechanical deterioration of the fibres [60]. Another problem is that there are as many different kraft pulps (SW or HW, unbleached or O-delignified...) and ozone bleaching stages (Z or ZE / ZP) or sequences (single or multi-stage ozone, different position of Z within the sequence) as there are studies reported in the literature, although most of them show a unique (Z) stage placed at the very beginning of the bleaching sequence. This may also explain the diversity of observations regarding the strength of ozone-bleached kraft pulps.

Usually, the most significant strength loss was associated with the tearing resistance, while the pulp tensile strength was somehow less affected [START_REF] Byrd | Delignification and bleaching of chemical with ozone: A literature review[END_REF]. This was also observed in later works [START_REF] Puthson | ASAM pulping of Eucalyptus camaldulensis and TCF bleaching of the resulting pulps[END_REF][START_REF] Fuhrmann | Ozone bleaching in ECF sequences -where and why ?[END_REF][START_REF] Mishra | The effect of introducing ozone in elemental chlorine free bleaching of eucalyptus kraft pulp[END_REF][START_REF] Kaur | Effect of incorporation of ozone prior to ECF bleaching on pulp, paper and effluent quality[END_REF]. The plateau and DPv crit trend was noted twice for the tearing strength only [START_REF] Gupta | OZ Prebleaching: Influence on Viscosity and Sheet Strength[END_REF][START_REF] Odermatt | The Application of NaBH4 to improve the Properties of Ozonated Softwood Kraft Pulp[END_REF]. This possibly indicates that ozone would mainly degrade the fibre surface [START_REF] Secrist | Kraft pulp bleaching II. Studies on the ozonation of chemical pulps[END_REF][START_REF] Kang | Further understanding on the cause of cellulose degradation during ozone bleaching[END_REF][START_REF] Berggren | Fiber strength in relation to molecular mass distribution of hardwood kraft pulp[END_REF] as the latter would play an important role in paper tearing resistance [START_REF] Kontturi | Fibre surface and strength of a fibre network[END_REF]. This is in accordance with the shrinking core model followed by ozone delignification taking place within fibres [START_REF] Griffin | The development of delignification and lignin-cellulose selectivity during ozone bleaching[END_REF][START_REF] Zhang | Initial delignification and cellulose degradation of conventional and ethanol-assisted ozonation[END_REF][START_REF] Bennington | Effect of fibrewidth distribution on ozone bleaching[END_REF].

The importance of the uniformity of the cellulose degradation reveals the flaws of the DPv determination: yielding only an average value of the carbohydrates DP this method fails to describe how both the cellulose and hemicellulose fractions are affected by various chemical degradations. Furthermore, the DPv method cannot assess the localisation of the attack on the fibres (surface, core, weak points). In that regards SEC analysis might be a more appropriate tool that offers several advantages over the DPv. In that regards SEC might be a more appropriate tool that can also give access to the carbohydrates chains length distribution, as represented by the dispersity (Đ = M w / M n ) and molar mass distribution (MMD). The three SEC-determined molar mass averages M n , M w , M z , showing, in that order, an increased dependency to the high molar masses fraction of the sample, they can be used for describing the uniformity of a degradation within cellulosic fibres [START_REF] Silva | Molecular Weight Distribution Analysis of Wood Pulp Cellulose by Size Exclusion Chromatography[END_REF]. Results from Berggren et al. [START_REF] Berggren | Alkaline degradation of birch and spruce: Influence of degradation conditions on molecular mass distributions and fibre strength[END_REF] show that the dry ZSTS of HW and SW samples degraded by intensified kraft pulping conditions is more sensitive to M z than to M w and DPv. M z being more influenced by high molar masses point out that the single fibres strength would be mostly hold by the long cellulose chains. Ozone would degrade the fibre surface, leaving a core of intact cellulose chains [START_REF] Berggren | Fiber strength in relation to molecular mass distribution of hardwood kraft pulp[END_REF].

These two articles gave a relevant ground for this thesis.

Current and future strategies for the recycling of bleaching effluents 1.4.1 Limiting the wastewater discharge load

Bleaching and water usage

Besides the toxicity and environmental hazards raised by the discharge of bleaching effluents, treated or not, the bleaching process is the largest source of wastewater in a kraft mill: around 82 % of the total effluent load comes from the bleach plant [56]. Knowing that one air-dry ton of bleached kraft pulp needs between 10 and 50 m 3 of water in modern mills, the current focus on reducing the water intake in the bleaching process is not surprising [START_REF] Toczyłowska-Mamińska | Limits and perspectives of pulp and paper industry wastewater treatment -A review[END_REF].

An efficient water management in the mill should decrease both the fresh water consumption and the effluent toxicity and load as much as possible.

For its part, the kraft process is actually quite virtuous in terms of effluent management. Indeed, the black liquor containing spent chemicals and dissolved organic matter is concentrated in evaporators and burnt in the recovery furnace in order to regenerate the sodium sulphide (Na 2 S) of the white liquor (WL). The residual sodium carbonate (Na 2 CO 3 ) still needs to be treated at that point, so water is added to form the "green liquor" that enters the causticising unit to reform NaOH and the WL. This reactions needs calcium hydroxide (Ca(OH) 2 ) that is produced through the "calcium cycle" including the lime kiln and slaking units. This way, about 99 % of the WL is reconstituted and the recovery furnace allows for steam and electricity production (Figure 1.25). Furthermore, "white water", the water used in the paper making that is charged with fillers and fines, can be reused in the bleaching process. So the water used for paper web formation and other conditioning operations is not wasted or so to say. The detrimental step in terms of water pollution and its release in the environment is the bleaching process. In fact, it is the presence of chloride ions (Cl -) in ECF bleaching filtrates that prohibits their recirculation towards the kraft process because it would provoke corrosion of the equipment, especially the evaporators and recovery furnace working at high temperature [START_REF] Persson | Mapping of sodium / sulphur-balances A study on losses in a kraft pulp mill A study on losses in a kraft pulp mill[END_REF]. Consequently, all the bleaching washing filtrates need to be treated in the wastewater treatment plant (WWTP) that represents a substantial part of a mill capital cost, before their discharge into the environment.

Within the bleaching process, the (O) stage is an exception. Indeed, the washing filtrate coming from the prebleaching stage that is oxygen delignification can be used in the kraft "brownstock" washing. This connection between the kraft process and the (O) stage implies that the sodium / sulphur balance of the mill is respected. As a consequence, the source of alkali added in the (O) stage should be WL. However, using WL may impact the delignification efficiency since hydrogen sulphide (H 2 S) will consume oxygen to yield sulphite species (SO 2 / HSO 3-/ SO 3 2-) and thiosulfate (S 2 O 3 2-). In fact, the WL used in the (O) stage needs to be previously converted into oxidised white liquor (OWL) in a small oxidation unit. This is actually performed in many mills [START_REF] Colodette | Attempts to use white liquor as the source of alkali in the oxygen delignification of Eucalypt kraft pulp[END_REF]. The advantage of using OWL is that it costs virtually nothing since the sulphur and sodium-containing filtrates are reconstituted into white liquor in the kraft process [START_REF] Leader | Medium consistency oxygen delignification in an O(CD)(EO)D bleacking process for radiata fine kraft pulp[END_REF]. The only extra-cost comes from the oxidation unit. From this perspective, oxygen delignification can be perceived as an integral part of the kraft cooking process.

Bleaching effluents recycling strategies

The main rule regarding bleaching filtrates is that acidic and alkaline streams should not be mixed together. The presence of chloride ions Cl -in ECF sequences means that all the washing streams will ultimately be treated in the WWTP. However, it is still possible to save on fresh water by recirculating the washing streams of acidic stages together (A, D, D hot , Pa, Z...), and that of alkaline stages (E, P...) together in a separate open loop.

Today, there is a focus on decreasing the water intake in the bleaching process. In theory, efficient management of recycling streams from models can lead to significant decrease of fresh water consumption and of effluent load, even within an ECF bleaching sequence [START_REF] Stratton | Pulp mill process closure: A review of global technology developments and mill experiences in the 1990s[END_REF]57].

However, real-case scenarii may cause plenty of disturbances, sometimes difficult to predict [START_REF] Barata | Scaling and bleaching chemicals consumption: A mill case[END_REF] as many process considerations and variables have to be assessed: change in washing water flows, increased chemicals consumption, scaling issues... while all these variables depend on the mill equipment (washers, filters, mixers...) efficiency.

TCF bleaching, on the other hand, makes it possible to imagine a full closure albeit this would imply many technical difficulties, such as the build-up of the following substances [START_REF] Fiskari | Minimum Effluent Pulp Mill Concept : On Water Use Reduction in the Bleach Plant[END_REF]:

-Non-process elements (NPEs): inorganics that do not participate in pulping and bleaching but that can provoke issues such as equipment scaling, chemicals consumption, or clarification and filtration disturbances [START_REF] Doldán | Evaluation of sources and routes of non-process elements in a modern eucalyptus kraft pulp mill[END_REF].

-Transition metal ions: remarkable NPEs having a critical effect on (O) and (P) stages [START_REF] Fiskari | Metals buildup in TCF bleach plant closure: laboratory simulations[END_REF].

-Organic matter: oxalic acid being the major degradation product from bleaching [START_REF] Krasowski | The formation of oxalic acid during bleaching of kraft pulp[END_REF],

especially from (Z) stages [START_REF] Grist | GC/MS characterization of effluents from the ozone bleaching of eucalypt kraft pulps[END_REF], accumulating with increased degree of recycling and prone to provoke scaling when associated with calcium [START_REF] Souza | The effects of alkaline filtrate recirculation towards the properties of long fiber pulps with OD(EPO)DED bleaching sequence[END_REF]. Dissolved organics may also consume bleaching chemicals.

Therefore, it is most likely that in reality TCF bleaching filtrates will still be partly redirected to the WWTP, at the very least to purge off part of the metals and other NPEs.

However, this will still represent a improvement compared to ECF bleaching as it will allow for lower size of the WWTP and its operation costs (Figure 1.26). 

Effect of TCFz bleaching filtrates recycling

Recirculation of ozone bleaching filtrates

There are not many references in the literature regarding the effect of recirculating ozone bleaching filtrates in (Z) stages. The reported results all incline towards the same conclusion:

ozone would react much more on the lignin within the fibres than with already oxidised substances (such as lignin fragments, oxalic acid, formic acid, etc.) present in the bleaching filtrates [START_REF] Lindholm | Molar mass distribution of ozone bleaching filtrates[END_REF][START_REF] Henricson | Ozone bleaching and recycling of filtrates[END_REF][START_REF] Fiskari | Minimum Effluent Pulp Mill Concept : On Water Use Reduction in the Bleach Plant[END_REF]. This results in similar brightness and pulp DPv values to that of the reference pulp bleached without recycling. However, the KN values are usually a bit higher, and consecutive recycling loops end up slightly decreasing the pulp brightness [START_REF] Fiskari | Minimum Effluent Pulp Mill Concept : On Water Use Reduction in the Bleach Plant[END_REF].

The use of oxidised white liquor in alkaline stages

As stated earlier, TCF bleaching allows for the evaporation and burning of the bleaching filtrates in the kraft mill recovery furnace. This requires the use of WL in the (E) stages in order to preserve the mill sodium / sulphur balance, and may represent important savings in chemical cost since no more pure NaOH would be needed. However, if the WL is to be used in a (O) or (Eo) stage, it needs to be oxidised into partially oxidised white liquor (POWL),

or it would consume the oxygen in these stages. The reaction increases the alkalinity of the liquor and forms thiosulfate:

2 Na 2 S + 2 O 2 + H 2 O → Na 2 S 2 O 3 + 2 NaOH
It has been reported that POWL may still contain traces of Na 2 S [START_REF] Ayala | Evaluation of oxidized white liquor as an alkali source[END_REF]. In a similar way, WL replacing NaOH in (P), (Ep), or (Eop) stages needs to be further oxidised into totally oxidised white liquor (TOWL) [START_REF] Baldo | The Advanced White Liquor Oxidation Process -One way to increase reuse of by-products in pulp mills[END_REF]. This second reaction represents an additional cost but has the advantage of fully turning the thiosulfate into sulfate, the former being responsible for equipment corrosion [START_REF] Peterman | Thiosulfate Effects on Corrosion in Kraft White Liquor[END_REF] and mitigated bleaching in the (P) stage [START_REF] Fiskari | Oxidized white liquor use in EOP stage[END_REF]:

Na 2 S 2 O 3 + 2 O 2 + 2 NaOH → 2 Na 2 SO 4 + H 2 O
Typical compositions for WL, POWL and TOWL are given in Table 1.5.

Table 1.5: NaOH (sodium hydroxide), Na 2 S (sodium sulphide) and Na 2 SO 4 (sodium sulfate) contents in white liquor (WL), partially oxidised white liquor (POWL), and totally oxidised white liquor (TOWL), and the amount of oxygen consumed for oxidising WL to POWL or TOWL. Data taken from [START_REF] Baldo | The Advanced White Liquor Oxidation Process -One way to increase reuse of by-products in pulp mills[END_REF] and [START_REF] Mullen | Using white liquor as the alkali source in oxygen delignification[END_REF]. The use of POWL in (P) stages seems unlikely since hydrogen peroxide will be consumed by thiosulfate [START_REF] Fiskari | Oxidized white liquor use in EOP stage[END_REF]. In this case, TOWL would be necessary [START_REF] Baldo | The Advanced White Liquor Oxidation Process -One way to increase reuse of by-products in pulp mills[END_REF]. No study has been reported on the use of WL or OWL in (ZE) or (ZP) stages, especially in the case of redirecting (ZE) or (ZP) filtrates backwards. Like hydrogen peroxide, ozone can quickly react with possible residual sulphide and thiosulfate in OWL [START_REF] Hoigné | Rate constants of reactions of ozone with organic and inorganic compounds in water-III. Inorganic compounds and radicals[END_REF] as well as with the sodium sulphite Na 2 SO 3 formed in-situ [START_REF] Liu | Kinetics and Mechanisms of Aqueous Ozone Reactions with Bromide, Sulfite, Hydrogen Sulfite, Iodide, and Nitrite Ions[END_REF].

WL composition (g/L as

Another unknown factor is the possible formation of radical species upon ozone oxidation of these sulphur containing species in acidic aqueous media [START_REF] Botha | Kinetics and mechanism of the oxidation of sulfur(IV) by ozone in aqueous solutions[END_REF]. The presence of oxygen in (Z) stages also adds complexity to this possible issue: if radicals are formed by ozone oxidation of the inorganic sulphur species then oxygen will certainly play a role in chain reactions like it does in the (O) stage.

Chapter conclusion

Ozone is a strong oxidation that can readily react with lignin within kraft pulp. Despite its high affinity for unsaturated substances, ozone can directly and indirectly depolymerises pulp carbohydrates, although the latter pathway is though to be preponderant in ozone bleaching stages.

Parameters ensuring paper strength can be summarised as a combination of the number of fibre-fibre bonds and of single bleached fibres strength (or intrinsic fibre strength). The cellulosic fibre average DP, including both the cellulose and hemicellulose fractions, would affect the intrinsic fibre strength. However, discrepancies between the evolutions of paper or fibre strength and pulp average DP have been observed for carbohydrates degrading treatments in both the pulping and bleaching processes. An obvious strength loss with decreased carbohydrates DP has been noted for chemical treatments favorising localised attacks of the fibres, such as acid and enzymatic hydrolyses. For other chemical degradations of cellulose with no preference for specific spots on the fibres (kraft pulping, oxygen-delignification, Fenton reaction, etc.), such a correlation has been shown quite misleading. Indeed, this correlation would stand only past a specific average DP value called critical DP. Above that point, the average DP would have no impact on paper or single fibres strength, for the reported degrading treatments that also include ozone. Although this critical DP may be varying according to the chemical used or the wood species, it generally ranges from 800 to 1050. [101] Vuorinen, T., Fagerström, P., Räsänen, E. et al. "Selective hydrolysis of hexenuronic acid groups opens new possibilities for development of bleaching processes". In: International symposium on wood and pulping chemistry. Montréal, Québec, Canada, 1997.

Several methods to mitigate carbohydrates depolymerisation in
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The main characteristics of this "KO" pulp are given in Table 2.1, and the average composition of the HW mix is represented on Figure 2.1. 

Designing a modern TCF sequence

The high hexA content (Table 2.1) was surprising since there was not much eucalyptus and birch in the HW mix (Figure 2.1), species known for containing high amounts of hexA.

It nonetheless justified the use of a hot acidolysis (A) stage at the beginning of the sequence.

In fact, used with mild conditions (pH 3, 90 °C, 2h) the (A) stage has been shown to remove about one third of the hexA in a eucalyptus K+O pulp while significantly improving the subsequent ozone bleaching [1].

Multi-stage ozone bleaching was chosen for increasing brightness and mitigating the DPv loss, compared to a single stage approach [2, 3, 4, 1].

The choice was made to keep a total of four bleaching stages in the TCF sequence in order to compare it to that of Saint-Gaudens (DEpDD). Intermediate washing between (Z)

and (E) can be avoided without substantial negative impact on the following bleaching stage [3,5,6]. Therefore, three (ZE) stages could be added after (A). Additionally, oxygen-reinforced alkaline extraction stages can provide further delignification at low cost and thus decrease the total ozone charge. Hence, (ZEo) stages were substituted for the (ZE) stages.

Finally, the best position for a (P) stage in a TCFz sequence would be at the final position in order to maximise brightness and brightness stability [7,8].

Consequently, the TCF bleaching sequence designed for this thesis was A(ZEo)(ZEo)(ZP).

TCF bleaching results

Trial & error sequences to reach the target brightness

The total ozone charge can be deduced using the total amount of chlorine dioxide used in the Saint-Gaudens paper mill and ozone "replacement factor". In fact, 1 mole of ozone can replace approximately 1.7 moles of ClO 2 for oxidation reactions (based on the number of electrons exchanged). A total of 1.73 % on pulp was used in the DEpDD sequence, and a 91.5 %ISO brightness was obtained for this ECF-bleached pulp. Accordingly, a 1 % total ozone charge should be enough to reach the same brightness. However, the use of (A) and

(Eo) stage would decrease the required ozone charge.

Bleaching experimental conditions and results are presented in Tables 2.2 and2 2.3). Using only a 0.5 % total ozone charge evenly distributed along the three (Z) stages increased the relative total ozone consumption and was still enough for reaching the target brightness (within 0.5 % ISO) with pulp TCF 4 .

In order to have enough bleached pulp supply for various experiments performed in the thesis, an industrial DEpDD bleached pulp similar to the "ECF" pulp bleached in the laboratory was provided by Saint-Gaudens mill (Table 2.3). This commercial pulp was named "BP", and showed a somewhat lesser brightness than its lab-bleached counterpart. 

Evolutions of brightness and DPv along the sequence

As expected, the (A) stage induced no decrease of the DPv and pulp brightness was not substantially changed [9,1]. The brightness development in the (ZEo) and (ZP) stages of both TCF 3 and TCF 4 pulps was correlated to the amount of ozone introduced (Table 2.3). However, the higher brightness of TCF 3 after the second ozonation stage (ZEo) 2 did not end up in a much higher final brightness after (ZP), compared to TCF 4 (+ 0.8 %ISO, cf. Table 2.3).

On the other hand, the higher the total ozone charge used in the sequence, the lower the final DPv (Table 2.4). Interestingly, the non-reduced DPv values for TCF 1 were similar to that of the reduced DPv B of TCF 3 and TCF 4 , possibly meaning that CO groups on carbohydrates were not substantially accumulating within the multi-stage ozone bleaching sequence.

Additionally, the DPv loss always seemed to be much more severe in (ZEo) 2 than in the other stages (Figure 2.3). This is investigated later on. 

Consequences of the carbohydrates degradation on the TCFbleached fibres quality

Comparable ECF and TCF fibres morphology... Morphology of fibres (length, width) and the presence of deformations (kinks, curls) can have a significant role in paper strength [10]. Therefore, these characteristics had to be assessed for the TCF 4 -bleached fibres. Furthermore, ozonation of fibres may create deformations, especially when followed by an hydrogen peroxide treatment because of COOH groups formation [11,12].

A Morfi analysis was performed to verify the fibres integrity, and the results were listed in Table 2.5. KO pulp was first used as the reference for both ECF and TCF pulps. However, to establish a better comparison between bleached pulps, it was necessary to remove lignin from KO. Hence, a perhaps more appropriate reference pulp was the fully-bleached KO-A-Hol sample: KO treated with an (A) stage (same conditions as in the TCF bleaching sequences) and a sodium chlorite "holocellulose" treatment (Hol). The macro-fibrillation (MF) index is the total fibril length / total (fibre + fibril) length and represents external fibrillation [13]. The difference in length-weighted fibre length and MF index between KO and KO-A-Hol pulps indicated that small elements were eliminated during the (A) and (Hol) stages (Table 2.5).

These small elements might be lignin-rich fines issued from the fibres surface peeling induced by the oxygen-delignification stage [14]. Results reported in Table 2.5 exhibited some differences between the TCF and ECF bleached fibres:

-a slight TCF fibres shortening (in average) and increased macro-fibrillation that may be attributed to the formation of small elements during bleaching, although no broken fibres were reported on the SEM micrographs (Figure 2.4).

-a slightly larger TCF fibre width. This had been observed by Seisto et al. and Mishra et al. and tentatively attributed to COOH formation in the (P) stage following (Z) [11,12]. At neutral pH, carboxylates may enlarge fibres by generating repulsion between cellulose chains.

-a greater amount of deformations on the commercial ECF pulp BP. These deformations may have been caused by the industrial operations being mechanically harsher on the fibres than the manual operations performed in the laboratory. Such small differences in deformations usually disappear with pulp refining [15,16,17,18,19,20].

Overall, the ECF and TCF pulps did not exhibit large morphological differences that might have foreshadowed different mechanical properties. Fibres deformations were supposed to appear with ozone bleaching, especially when followed by an alkaline treatment [11]. These deformations would appear only with large ozone doses [21,12], with potential negative effect on fibres strength. The TCF pulp from this study was bleached with only 0.5 % ozone split in three stages and this resulted in fibres comparable to ECF-bleached ones. 

... and identical mechanical strength!

The most important parameters to investigate were those describing paper strength. Three conventional physical tests (tensile, bursting, tearing) were performed on paper sheets made out of ECF and TCF pulps PFI-refined at different dewatering resistance values as given by the Schopper-Riegler degree (SR°).

Results plotted on Figure 2.5 showed that in spite of showing a lower average DPv than the ECF (-15 %), the TCF pulp strength was equivalent. This was in line with previous results obtained with single ozone stage bleached pulp not showing lower mechanical properties down to a 20 % DPv drop, compared to a ECF pulp reference [22] It was a very important result since there had been no previous example of TCFz-bleached paper grade pulp having similar brightness and strength to any ECF pulp. This once again evidenced the absence of direct correlation between pulp viscosity and strength. 

A high quality paper-grade pulp

Overall, the goal of obtaining a TCF-bleached pulp with similar brightness and comparable DPv (-15 %) to that of the ECF pulp was achieved with TCF 4 . The main results are recalled in Table 2.6, with the addition of the Post-Colour Number (PCN) values representing the brightness stability. The gap between the two pulps in terms of PCN shows that the TCF pulp brightness is twice more stable than that of the ECF. This is thoroughly investigated in Chapter 4.

Note: From now on, commercial BP pulp will also be referred to by the "ECF" acronym, the former laboratory-made ECF pulp being precisely called "ECF-lab" when needed. Showing the highest DPv value among the TCF pulps, TCF 4 was chosen for further characterisation and simply referred to as "TCF". 

Ozone bleaching quantitative analysis via UV Reson-

ance Raman spectroscopy

Following the lignin and hexA removal from oxygen-delignified kraft pulp

Qualitative assessment of the TCF bleaching sequence UV Resonance Raman spectroscopy demonstrated itself a useful tool to assess the bleaching effect of various chemicals on mechanical [23] and kraft pulps [24,25,26]. Here, the effect of the TCF bleaching sequence A(ZEo)(ZEo)(ZP) was assessed by measuring the pulp UVRR spectra at every intermediate stage.

The effect of the first stage of the sequence, (A), was very clear (Figure 2.6). Indeed, the hexA peak "HA" intensity was reduced by a third of its value from KO to KO-A (or simply referred to as "A" pulp), without any DPv loss (Table 2.4). Moreover, the phenolic lignin peak "L" intensity was slightly decreased as well, probably because of the breaking of LCCs bonds and dissolution of some of the complexed lignin thereof [27,28,29,30]. From the spectra represented in Figure 2.7 it can be noted that the lignin and hexA removal rates were similar for the two (ZEo) stages when introducing 0.17 % and consuming 0.16 % ozone in both stages. The higher reactivity of ozone with hexA than with lignin [31] was not observable between A and (ZEo) 1 (Figure 2.7a), but visible on (ZEo) 2 with the L and HA peaks relative intensities being reversed (Figure 2.7b). An explanation would be the high reactivity of ozone leading to diffusion controlled reaction kinetics [32]. 

Effect of the (A) stage on a subsequent (ZEo) stage

The hexA removal by the (A) stage was evidenced by UVRR spectroscopy (Figure 2.

6),

but what was is effect on the following stages? A comparative study was conducted by applying increasing ozone charge in a (ZEo) stage on both KO and A starting pulps. The obtained UVRR spectra are compared in Figure 2.8.

Up to a 0.5 % ozone dose, the lignin and hexA contents gap between KO and A pulps was consistent throughout the ozonation (Figures 2.8a & 2.8b). At higher ozone charges, the hexA peak intensity kept decreasing for pulp A, but rised again for KO (Figure 2.8c).

Interestingly, this was not observed for A-ZEo pulps. As new hexA cannot be created by ozone, this band was also associated with another C=C unsaturated moiety. Additionally, a new peak centered at 1695 cm -1 was spotted on KO-Z(4%)Eo spectrum. Along with the "false hexA" peak at 1649 cm -1 , this second peak was initially believed to represent highly conjugated quinones formed via a cyclisation mechanism also leading to the formation of phenols [33], as it had been speculated in a similar case using hypochlorous acid and ozone followed by (E) on dissolving grade pulp [8]. However, intriguing results presented in the next section gave new leads for this band attribution. attributed to quinones and a peak at 1649 cm -1 close to that of hexA.

Building the quantitative UVRR models

In this section, the quantitation of both lignin and hexA contents in pulp via UVRR spectroscopy were greatly inspired from a study by Jääskeläinen and co-workers [34].

The pulps analysed in this chapter are listed in Appendix D with complete results.

HexA quantitation and attribution of the false hexA peak to oxidised cellulose chain ends

Tappi standard measurement of hexA content (T 282 pm-07) is based on the method developed by Chai et al. [35]. It consists in using a mercuric salt to selectively hydrolyse hexA and then use UV spectrophotometry to quantify the amount of hexA hydrolysis products (2furolic and 5-formyl-2-furolic acid). UVRR spectroscopy using a 244 nm laser wavelength is well adapted for simultaneous detection of hexA and lignin [36]. The lignin phenols and hexA characteristic bands are 1605 and 1655 cm -1 , respectively. A linear correlation between the standard-HexA content and normalised HA peak intensity "HA/C" was obtained (Figure 2.9). Interestingly, the regression line intersected the y-axis on a negative value. Jääskeläinen et al. observed the opposite effect while using a different method, namely HUT, for HexA content determination [34]. The T 282 pm-07 standard used here was based on the bleached pulp formula that only considers the 240 nm spectral peak associated with hexA hydrolysis products. Chai et al.

[35] proposed a correction for better accuracy by taking into account the lignin peak at 290 nm. The possibility that this absence of correction and the assumed presence of muconic acid structures perturbated the measurement cannot be ruled out [37]. In fact, the pulps measured here were all O-delignified and some of them ozone-bleached so the amount of muconics was presumably higher than in unbleached kraft pulp. This may explain the overestimation of hexA.

A second hypothesis might apply to the (ZEo) treated samples. Results from Pouyet et al. showed the total disappearance of Tappi-quantified hexA with a single (Z) stage (Figure 2.10a) [1]. More muconics should be present in a (Z)-treated pulp than in a (ZE)-treated pulp [38] so the hexA overestimation should be greater in the (Z)-treated pulps. Yet, in this thesis (ZEo) did not remove all the hexA, even for high ozone doses (Figure 2.10b). Therefore, it is suspected that a product formed by (ZEo) interfered with the hexA determination by the Tappi method. It is speculated that this moiety is also responsible for the Raman band arising at 1649 cm -1 in Figure 2.8c. The culprit should then be similar to hexA.

Raman spectroscopy analysis of aged carbohydrates moieties by Calvini & Gorassi [39] gave a hint about the possible nature of this false hexA: the cellulose chain end issued from the β-elimination (in the (Eo) stage) of the CO group formed (in the (Z) stage) on C6 position (Figure 2.11). Yet, other moieties could also be responsible for the two neak peaks observed in Figure 2.8, such as highly substituted quinones [40,41]. For more details on this inquiry, please refer to Appendix A.

Hence, both the uncorrected Tappi standard formula for bleached pulps and the presence of this hexA-like moiety may have caused an overall overestimation of the measured hexA content. Consequently, an offset decrease of 10 µmol/g was arbitrarily applied to the data regression line to obtain the "UVRR hexA content" (Figure 2.12). The UVRR hexA content Where "HA/C" is the intensity of the hexA peak "HA" normalised on the cellulose peak "C" intensity at 1094 cm -1 .

Deconvolution of the two L and HA peaks by pseudo-Voigt functions [43] to supress their mutual overlapping did not substantially change the regression line (unshown here). 

Lignin quantitation

To assess the lignin content and establish a correlation between UVRR spectral intensity of the lignin peak L/C and the lignin content (%) in the pulp, the L/C intensity was plotted against the KN (Figure 2.13). The correlation coefficient R² was of 0.88 but increased to 0.95 if the lignin KN was used instead of the regular KN. The lignin KN was calculated by accounting for the UVRR HexA content influence on the KN, as 10 µmol/g of hexA are equal to 1 KN [44,45,46]. L and HA peaks deconvolution did not change substantially the regression line (unshown here). Finally, the lignin content was calculated as follows [34]:

Lignin (%) = 0.265 x lignin KN (2)
Thereof the calculated lignin content was plotted against the lignin peak normalised intensity "L/C" (Figure 2.14) to yield Equation 3:

UVRR lignin (%) = 0.080 x L/C + 0.282 (3)
Where "L/C" is the intensity of the lignin peak "L" normalised on the cellulose C peak intensity (1094 cm -1 )

The positive intersect on the y-axis at 0.28 % lignin (Figure 2.14) showed that even if the L/C peak was nullified, the lignin KN would still have accounted for oxidised material able to consume potassium permanganate during the KN determination. Unsaturated products arising from the (Eo) stage as well as degradation products issued from carbohydrates could be the contributors to a positive KN in the absence of phenolic lignin or quinones that do resonate at the same band as lignin phenols [47,48]. 

The origin of the carbohydrates depolymerisation in

the TCF bleaching sequence

Mild or harsh hot acid stage (A)

Used in the right conditions, the (A) is not supposed to provoke cellulose depolymerisation [9]. This was evidenced by the mild conditions employed here (Table 2.7). However, if the pH, temperature and time conditions are intensified (A harsh stage) then more hexA are removed but at the cost of an important DPv loss (Figure 2.15, Table 2.7). Actually, it is speculated here that even a minor DPv loss induced by the acid hydrolysis of cellulose occurring in a harsh (A) stage could significantly deterioriate pulp strength [49,50]. The slight bleaching effect observed (Table 2.7) was probably due to two contrasting effects that are a visible lignin removal (Figure 2.15), probably LCCs, and a plausible lignin darkening. Indeed, it has been shown that a hot acid treatment might increase colour formation in lignin due to an increased conjugation degree of aromatics [51,52].

The first ozone stage (ZEo) 1

Lignin and hexA removal follow a shrinking core model

In (ZEo) 1 both lignin and hexA were removed simultaneously and at a similar rate, as observed in (2.2.1). The delignification and hexA removal trends with increased ozone charge or consumption followed exponential decay functions, as exemplified in Figure 2.16.

The lignin and hexA contents of A(ZEo) 1 pulp can be predicted by using the following two exponential decay functions: 

(R² = 0.99)

And the ozone consumption was related to the ozone charge via a Brody function given in Equation 6:

O 3 consumed (%) = 2.8 × (1 -e -0.34 × O 3 introduced ) (6) (R² = 0.99)
It is very interesting to note that exponential functions in equations ( 5) and ( 6) have the same denominator (0.20). This further demonstrates that both lignin and hexA removal by ozone follow a shrinking core model [53,54,55]. Indeed, despite ozone reacting faster with hexA than with lignin phenols [31], the two rates of elimination are identical because the reaction is limited by diffusion controlled kinetics [32]. 

Delignification and brightness development

Since hexA are uncoloured, the brightness gain is assumed to be totally correlated with the lignin content in pulp. This correlation was a mild slope only up to 55 % delignification, as defined by the decreased intensity of the 1605 cm -1 UVRR peak, before increasing rapidly (blue line in Figure 2.17). Albeit the delignification was probably increased by (Eo), the close value of 50 % delignification has been reported to represent a significant change in chemistry in the (Z) stage [56,57]. In fact, the ratio of acid groups formed over the amount of phenolic groups eiminated would quickly increase with extended delignification. The overall decrease of the degree of conjugation in residual lignin would result in a significant brightness gain.

Interestingly, when looking at the brightness increase with ozone charge (purple curve on Figure 2.17) the change in chemistry took place at about 0.9 % introduced ozone which is the required ozone dose to reach the minimum amount of hexA in pulp (Equation 5). Hence, in the absence of hexA more ozone was available to react on lignin-derived chromophores. This is in accordance with the lignin and hexA elimination two-phase model proposed by Tran [21]. (R² = 0.99)

Effect of (ZEo) 1 on carbohydrates depolymerisation

Following the DPv loss along the sequence and occurring in each stage was not always meaningful so the introduction of the chain scission number "CS" was used instead:

CS = (DP 0 -DP) DP

Where DP 0 is the DP of the starting pulp.

The "CSv", obtained through the DPv values, was linearly increasing with increased ozone charge and consumption (Figure 2.18a). It slowly increased with extended delignification and hexA removal, due to the hydroxyl radicals formation, the main responsible for carbohydrates depolymerisation in the (Z) stage [58,21]. However, it was not totally correlated with the presence of lignin and hexA in the pulp (Figure 2.18b). In fact, the CSv continuously increased with more ozone being introduced in the reactor. This demonstrated the role of lignin degradation products in the generation of hydroxyl radicals during ozonation, especially unsaturated products such as muconic acid [59].

Moreover, the CSv was subject to a six-fold increase when all phenolic lignin and hexA were consumed. Small fragments of still unsaturated lignin may be solubilised and penetrate cellulose microfibrils. This new proximity between cellulose chains and C=C unsaturated moieties would exacerbise the DPv decrease by the generation of hydroxyl radicals. Notwithstanding the minor delignification effect of (A), the role of hexA in depolymerisation of pulp carbohydrates was still apparent in (ZEo) 1 . Indeed, when comparing the CSv of the KO-ZEo and A-ZEo series (Figure 2.19), the higher CSv values obtained on untreated KO could be safely ascribed to its higher hexA content. By 0.5 % ozone introduced roughly 90% of the initial hexA content had been eliminated in both KO and KO-A pulps. Since the CSv increases linearly with the ozone charge even after total depletion of the hexA content, the carbohydrates degradation mechanism induced by ozone + hexA remains unclear.

Finally, the fact that the CSv increase with ozone charge or consumption is linear for both KO-ZEo and A-ZEo points out that the direct attack of ozone on the carbohydrates during the ozone bleaching stage is marginal [58]. The DPv of A(ZEo) 1 pulp was linearly correlated to the amount of ozone consumed:

DPv = 1553 -402 x O 3 consumed (%) (8) 
(R² = 0.97)

The second ozone stage (ZEo) 2

A decreased efficiency due to the lesser lignin and hexA contents

It has been shown in the literature that the ozone stage delignifying efficiency is greater when applied to pulps with higher kappa numbers [60]. This was investigated by following the UVRR-determined lignin content decrease reported to the ozone consumption (Figure 2.20a). At first glance it looked like (ZEo) 2 indeed required more ozone to remove as much lignin as (ZEo) 1 did (vertical crosses). However, when looking at the total lignin removal brought by the two combined (ZEo) stages, their overall efficiency was similar to that of single stage (ZEo) 1 (diagonal crosses). A similar observation was made for the elimination of hexA (Figure 2.20b). This indicates that the disminished lignin and hexA contents are directly responsible for the decrease in lignin and hexA ozonation rates observed for both (ZEo) 1 and

(ZEo) 2 at equal ozone consumption. Actually, splitting the ozone stage in two only slightly improved the lignin and hexA removal (Table 2.8). This was surprising, since multi-stage ozone bleaching has been shown to improve considerably both pulp brightness and DPv [2, 3, 4, 1], and these two characteristics should be dependent on the extent of lignin and hexA elimination in ozone-bleached pulps [61,62].

Lignin brightening

The effect of multi-stage ozone on brightness was clear (Figure 2 It had been shown that hexA were contributing to the DPv loss observed with the ozone bleaching of eucalyptus kraft pulp [1,59]. In this thesis, the role of hexA in carbohydrates depolymerisation was remarkable when comparing KO-ZEo and A-ZEo series. Yet the major DPv drop induced by (ZEo) 2 could not be solely due to the amount of hexA removed in that stage since (ZEo) 1 removed roughly as much of them and yet did not provoke such a critical DPv loss (Table 2.9).

It is plausible that the major DPv loss induced by (ZEo) 2 is somehow related to the lowered lignin content in A(ZEo) 1 pulps, compared to initial A pulp. Lignin probably acted as a shield for cellulose in (ZEo) 1 [63,64,65]. On the other hand, it seemed that the residual lignin no longer fulfilled this role in (ZEo) 2 . To allow for comparison with the effect of (ZEo) 1 , the relevant CSv values were plotted against the amount of consumed ozone (Figure 2.22). Because of the lack of data points the exact pattern of the degradation taking place in (ZEo) 2 was unclear but seemed to be different from that happening in (ZEo) 1 . Yet, the results reported in Table 2.10 and represented in Figure 2.24 showed that the number of chain scissions provoked by (ZP) was not as high as for (ZEo) 2 . This was especially true for TCF 4 A-Z(0.17%)Eo-Z(0.17%)Eo pulp that still contained some lignin phenols that might have acted as a shield for carbohydrates. The somewhat lower ozone consumption values reported for TCF 1 and TCF 3 A(ZEo) 1 (ZEo) 2 pulps with no remaining phenols (Table 2.10) pointed out the prevalent role of the direct attack of ozone on carbohydrates on the DPv loss induced by (ZP). 

The final stage (ZP

The direct attack of ozone

The treatment of fully-bleached pulp BP with (ZEo) reuslted in a fast and linear increase of the CSv with the ozone consumption, as represented on Figure 2.25. TCF 1 and TCF 3 pulps are conveniently fitting this new regression line. TCF 4 being the only pulp with a detectable residual lignin content prior to (ZP) (Table 2.9), this may indicate that it is the ozone introduced in that final stage that directly depolymerised carbohydrates in the already bleached A-Z(0.3%)Eo-Z(0.3%)Eo (TCF 1 ) and A-Z(0.2%)-Z(0.38%)Eo (TCF 3 ) pulps (cf. Table 2.

3).

This meant that the three TCF multi-stage ozone sequences probably did not induce a substantial accumulation of CO groups on the pulp carbohydrates, prior to the hydrogen peroxide addition. This was in line with the well-known role of (E) (or (Eo)) in the elimination of most of the carbohydrates CO groups [38], and the comparable non-reduced DPv and reduced DPv B values reported for the intermediate samples taken from the three TCF sequences (Table 2.4).

In order to mitigate the DPv loss, it seems better to introduce the greatest ozone dose in the first (ZEo) 1 stage, and then decrease it in (ZEo) 2 and (ZP). On the other hand, to maximimise pulp brightness it is probably better to remove all the phenolic lignin left prior to (ZP). This way, a very small dose (< 0.1 %) of ozone can react with residual chromophores without affecting much the carbohydrates DPv, as in the sequence TCF 3 . 

Chapter conclusion

Using the most recent results obtained in previous theses on the ozone bleaching of hardwoods oxygen-delignified kraft pulp a modern TCF bleaching sequence was designed:

A(ZEo) 1 (ZEo) 2 (ZP). This led to TCF-bleached pulps of brightness equal or superior to the target value of a conventional DEpDD ECF pulp brightness. With a total ozone charge of 0.5 % evenly distributed over the three ozone stages, the desired pulp brightness was obtained while mitigating the pulp DPv loss (-27 %). This resulted in TCF-bleached fibres comparable (morphology-wise) to the ECF reference, and finally in equal paper strength as decribed by the tensile, tearing, and bursting resistances. With former results from the literature, this represented an additional evidence of the DPv irrelevancy when predicting paper strength.

In three of the trial TCF bleaching sequences the DPv seemed to decrease more significantly in the second ozone stage (ZEo) 2 . Surprisingly, the final stage (ZP) induced no or little carbohydrates degradation. This was associated with the low reactivity of cellulose with ozone and with a low number of carbonyl groups introduced on the carbohydrates in the preceding stages, thus proving the soundness of multi-stage ozone bleaching. In order to understand further the mechanisms at play, lignin and hexA contents quantitative models for lignin and hexA contents were built with UV Resonance Raman spectroscopy data. Calibrated with the lignin-based kappa number and Tappi standard quantitation of hexA, respectively, these two models allowed for a deeper assessment of each bleaching stage on the lignin and hexA contents, and their role in carbohydrates depolymerisation and pulp brightness development.

The effect of hexA and lignin on the increase of the carbohydrates chain scissions number (CSv) in the (ZEo) 1 treatment was first investigated. The role of hexA in carbohydrates depolymerisation during (ZEo) was tangible when comparing the CSv increase trends obtained for the unbleached pulp KO and its (A)-treated version KO-A. The UVRR spectra also indicated that even in the absence of phenolic lignin and hexA, the CSv increase with ozone consumption remained linear, underlining the role of oxidised lignin structures such as muconic acids in the generation of free radicals and the carbohydrates depolymerisation thereof.

Overall, the effect of (ZEo) 1 on the CSv was negligible compared to that of (ZEo) 2 . In (ZEo) 2 , the depolymerisation was intense and seemed quite unsensitive to the amount of ozone introduced. No correlation between initial lignin and hexA contents, or lignin and hexA removal, and CSv increase could be established. This suggested a degradation mechanism in that stage undepictable by the sole DPv. Finally, the small degradation induced by the final stage (ZP) was explained by the relative absence of both carbonyl groups on carbohydrates that are probably eliminated by (Eo) stages and of unsaturated substances in pulp prior to ozonation thus leading a part of the introduced ozone to react directly on the carbohydrates.

Thanks to the UVRR-determined lignin contents reported for the ozone-bleached pulps, it was possible to describe the pulp brightness evolution with continuous delignification. In (ZEo) 1 , the trend was linear until a significant change was observed at about 80 % delignification. At that point, more ozone is needed to eliminate lignin C=C unsaturations but in the meantime the residual lignin brightens considerably. This phenomenon was also observed when studying the role of (ZEo) 2 in delignification and brightness development. Indeed, (ZEo) 2 greatly enhanced the pulp brightness when compared to (ZEo) 1 at equal lignin levels in pulp. This exposed a change of chemistry in the ozone bleaching stage possibly opposing a first easy lignin oxidation (e.g. phenols) to an accumulation of unsaturated substances contributing to color formation (e.g. muconics) and whose further oxidation does not substantially improve lignin solubilisation in the subsequent alkaline extraction stage (Eo). Herewith, (ZEo) 1 definitely acted as a delignification stage, (ZEo) 2 as a somewhat lesser delignifying but rather brightening stage (elimination of chromophores), and (ZP) as a very efficient brightening stage. TCF sequences with higher ozone charges applied in (ZEo) 1 and (ZEo) 2 resulted in higher final pulp brightness but at the cost of a lower DPv mainly due to the direct attack of ozone on the carbohydrates in final (ZP) stage. 

Analysis of cellulosics via size exclusion chromatography

In the previous chapter, a modern TCF bleaching sequence was developed and applied to produce a HW bleached kraft pulp of high quality while using no chlorine derivatives. The work presented in this chapter was performed with the aim of better understand why the pulp viscosity or carbohydrates DPv may in some cases be correlated to mechanical strength, and in other cases not. As a reminder, the main characteristics of the main pulps studied here are listed in Table 3.1. There are several studies in literature suggesting that the DPv determination might be misleading when predicting bleached pulp mechanical properties [1,2]. The use of SEC analysis may provide richer information about the state of degradation of the carbohydrates in pulp, such as the homogoneous or heterogeneous character of the degradation inflicted by various chemicals to cellulose and hemicelluloses within the fibres [3,4,5,6]. SEC analysis has also been used for the accurate modelling of paper aging kinetics [7,8]. The principle of SEC is to measure via light scattering the mass of molecules going through a porous column and that are delayed by the pores based on their weight [9,10]. Smaller molecules will penetrate the pores and leave the column after the larger molecules. this allows for separation of molecules in a mixture.

In the case of bleached fibre analysis, SEC can be used for obtaining the distribution of molar masses (MMDs) that represents the hemicellulosic (HC) and cellulosic (C) fractions.

This has more value than a single average number that is DPv. Moreover, from the MMDs are generally extracted three average molar masses that are referred to as "M r ": M n , M w , M z , defined and represented in Figure 3. Injection of cellulosic samples in SEC is possible only if solubilised in chromatographic solvents. For cellulosics, the two main methods are the derivatisation of cellulose including the wide-spread carbanilation reaction [11], and the direct dissolution into DMAc / LiCl (8 %) [12,13,14]. The first method relies on cellulose modification to make it soluble in common organic solvents such as THF. This can be unreliable as the reaction can be incomplete and leave residual hydroxyl groups on cellulose that can substantially decrease the solubility and create aggregates. Furthermore, some derivatisation procedures can provoke cellulose chain scissions [15].

The direct dissolution method is becoming the most widely used method for dissolution of cellulosic material [16]. It consists in swelling bleached fibres with water before performing several solvent-exchange steps in order to completely remove water from the fibres and then dissolve them into DMAc / LiCl (8 %) [14]. In fact, the presence of water in this hygrophilic solvent can inhibit the dissolution and lead to aggregates [17,18]. This dissolution technique is very efficient regarding HW fibres [19] whereas long fibres from SW pulps are somewhat more recalcitrant towards dissolution [20] and may require a pretreatment for facilitating the fibres swelling, like with ethylenediamine [21].

Validation of the direct dissolution method by cross-checking results with another laboratory

In order to validate the SEC measurements performed for the first time in LGP2 with the direct dissolution method [14], a cross-checking of DP w values of six samples was performed at the Centre de Recherche sur la Conservation des Collections (CRC, CNRS USR 3224) in Paris (Figure 3.2). Their SEC system differed from that of LGP2 on several points listed in Table 3.2. The pulp samples were dissolved in LGP2 then injected in the two different SEC systems.

The reported average relative deviation (RD) was 8.6 % and the maximum RD was 17 %

for M w values. The linear correlation coefficient between CRC and LGP2 data was only of R² = 0.89. This was not surprising since a round-robin showed that SEC systems from various laboratories led to important M w discrepancies, up to 36 %, for a same sample [16]. A noticeable difference between LGP2 and CRC systems was a lesser repeatability observed for the former, leading to a choice of M w relative standard deviation tolerance of 5 % (versus 2.5 % in the CRC). This better repeatability of the CRC system was associated with the almost constant log(M w ) value obtained for the high-M r end of the MMDs, and a much more stable HC peak. For all the replicate measurements performed in the LGP2 the HC peak was varying a lot. The weight fraction of the HC peak was also relatively superior for LGP2obtained MMDs, compared to CRC MMDs of the same samples, as examplified by BP pulp in Figure 3.3. However, the LGP2 system seemed to perform better when describing the high-M r region. Indeed, the gaussian shape of the C peak was clear while the CRC-obtained MMD presented a quite assymetrical C peak with a slight "bump" which is usually the signature of aggregates. Here, the same well-dissolved samples were injected in both systems, so aggregates were not responsible for the high-M r bump. Perhaps the difference in column size and gel porosity of the two systems was the cause. Overall, the MMD obtained in the LGP2 was closer to a true Gaussian profile. 

Molar mass distributions of the ECF and TCF pulps

The ECF and TCF pulps were dissolved according to a protocol derived from that of Dupont (2003) and detailed in Appendix C. The SEC system and data analysis are thoroughly described in the Materials & Methods section (Chapter 6). The DPv difference between the two pulps was found to be more consequent for DP w and DP z than for the DP n (Table 3.

3).

This means that the degradation induced by the TCF sequence affected cellulose more than hemicellulose. This was also hinted by the lower dispersity of the TCF pulp, and by the MMDs on Figure 3.4 showing a displacement of the HC peak and especially of the C peak for the TCF pulp, compared to BP. 

Investigating a possible interference from carbonyl groups

In the determination of oxidised pulp DPv, a borohydride reduction of the CO groups is needed to obtain the most representable value since iozone stages introduce some CO [22].

In DMAc / LiCl (8 %) or pure DMAc, cellulose may be subject to depolymerisation at high temperature (> 80 °C) only [23]. CO groups on carbohydrates have not been demonstrated to provoke their depolymerisation in DMAc / LiCl (8 %). However, the presence of oxidative groups (CO, COOH) on severely TEMPO-oxidised cellulose may decrease the accessibility of the solvent and therefore inhibit the dissolution [15]. Performing an alkaline sodium borohydride reduction can increase the solubility but that can also be explained by the competing β-elimination taking place in the alkaline conditions of the borohydride reduction. Since many pulp samples investigated in this thesis were subject to oxidative treatments, it was necessary to assess the potential impact of CO groups on the SEC data.

Sodium borohydride reductions were performed on pulps BP (bleached pulp), BP treated with ZEo (0.17 % O 3 ) and treated with H (5 % HOCl). In that order, the three pulps were supposed to have increasing CO groups contents. They were then dissolved in DMAc / LiCl (8 %) and injected in SEC, in parallel with their non-reduced versions. The DP n and DP w results were plotted on Figure 3.5. The DP w , much more reliable than the DP n , had a regression line with a 0.92 slope. The tolerance for DP w values being a relative standard deviation (RSD) of 5 % and the DP w values of reduced and non-reduced BP-H being identical, the conclusion was that carbonyl groups on carbohydrates had probably no influence on the dissolution of the samples analysed in this thesis, and that the β-elimination was negligible for the three tested samples. This allowed for a deeper analysis of the MMDs by performing peaks deconvolution [7]. 

SEC peaks deconvolution

Close-up on the cellulose and hemicellulose fractions

Deconvolution is a mathematical operation which allows for recalculation of the molar masses of the HC and C fractions, separately. Conventionally, SEC peaks should be Gaus-sian curves, due to regular column effects. On the other hand, extra-coluM n effects induce an asymmetrical tailing, usually at the low-M r end. Hence, several mathematical functions can fit

MMDs [24]. The most widely used is the Gaussian model even though it does not always fit the low-M r very well, and fits better the high-M r end [7]. The hemicellulose fraction is easily subject to variation in SEC response because of its branched nature and incorrect "specific refractive index increment" dn/dc value (chosen value of 0.14 for pure cellulose and used for the whole MMD calculations while not taking into account the hemicellulose fraction). In fact, the cellulose dn/dc is applied to the whole MMD calculations, thus giving erronous M r values for the hemicellulose fraction.

Cellulose being the major component of bleached kraft pulp and the main responsible for fibres strength, it was decided to focus on the cellulose fraction C and on its isolated DP w , or "dcv-DP w (C)".

Deconvolution of the chromatograms

The deconvoluted MMD on Figure 3.6 shows that the Gaussian model may overestimate the high-M r end in the LGP2 SEC system. A possible cause is that the SciDAVis software used for the deconvolutions always maximises the correlation coefficient (R²) of the fit and there is no possibility to place boundaries in order to favour a better fitting of the high-M r over the low-M r end. Nevertheless, comparison of DP w calculated from the original and fitting curves (Table 3.4) points out that deconvolution does not increase the RSD for a same sample injected multiple times. In other words, deconvolution does not modify substantially the accuracy of the DP w determination. Moreover, general DP w values obtained for the fitting curve were very close to that of the original MMD. al. [7], was tested to see if it was possible to avoid spending too much time on the lengthy deconvolution process. The problem of this method is its inaccuracy since it is not always easy to spot the intersection point between HC and C overlapping peaks. The Q&E method gave DP w values smaller than the deconvoluted ones (Table 3.5). The deconvolution method "dcv" resulted in lesser variations than the Q&E and was therefore deemed more reliable. In fact, the issue with the Q&E method was the large variability of the HC fraction observed for all measurements, even when a single sample was injected multiple times into the SEC system.

Since most of the pulp samples studied in this chapter have been severely degraded, and because of its lesser inaccuracy, the Q&E method was considered less appropriate than the deconvolution for isolating the C peak. From now, DP w (C) will designate the deconvoluted dcv-DP w (C) values obtained for the isolated cellulose peak. In the following work, different degrading chemicals have been used.

Ozone

Ozone of course, was first among the list. Ozone peculiarity resides in its contrasted degradation modes. In fact, the mode of degradation is depending on the presence of lignin [5].

On bleached pulp, ozone attacks accessible cellule fibrils, probably amorphous regions since they are accessible to water [25,3]. On unbleached pulp, ozone generates hydroxyl radicals around lignin and hexA when reacting on their electron-rich C=C unsaturations. These free radicals react almost as fast on carbohydrates as they do on lignin, possibly affecting neighbouring cellulose whatever its structure (crystalline or amorphous). However, contradictory conclusions have been made regarding the effect of ozone on unbleached pulp cellulose crystallinity index: it could either increase it by provoking the dissolution of low molar mass amorphous cellulose [26,27].

The degradation occurring during the ozone bleaching of oxygen-delignified kraft pulp might be a combination of both modes of degradation, and may be rather homogeneous within the fibres [3] or more localised on fibres surface [5]. The fact that the literature showed contradictory theories made this study especially relevant. 

Hypochlorous acid

Hypochlorous acid (HOCl) was the second chosen chemical. HOCl oxidation of carbohydrates is caused by both ionic and radical mechanisms [28,29,30,31]. The result is an important formation of carbonyl and carboxyl groups on the carbohydrates, and their direct depolymerisation. The hypochlorous acid treatment was noted (H).

HOCl is assumed to depolymerise carbohydrates in a uniform way within the fibres [3].

Indeed, at pH 4.9, fibres swelling is greater than in the strong acidic conditions of ozone bleaching (pH 2.5-2.7), so HOCl should more easily access the cellulose network. Moreover, HOCl-induced radicals should be present wherever HOCl molecules circulate, as opposed to 

Cellulase

Two different cellulases have been trialed: a pure β-endoglucanase, and a commercial cocktail (Celluclast from Novozymes). These enzymatic treatments were noted (C endo ) and (C cell ), respectively. The mode of degradation of enzymatic hydrolysis is essentially localised since it is governed by substrate (cellulose) accessibility, enzymes being very large molecules [32]. The major difference between these enzymes is that the pure β-endoglucanase can only randomly cleave cellulose chains while the Celluclast contains also cellobiohydrolase and cellobiase capable of peeling cellobiose units off the reducing or non-reducing ends and cleaving cellobiose into two glucose units, respectively (Figure 3.9). The practical consequence of this difference of chemistry is that β-endoglucanase accessibility is mostly limited to the fibre surface [34], while the synergetic action with the other cellulases within Celluclast allows for deeper penetration of the fibre, down to its core, resulting in fibres cut-off [35], as pictured on Figure 3.10. Another major difference between (C endo ) and (C cell ) is that the former only marginally hydrolyses crystalline cellulose whereas the latter efficiently degrades it [36,37]. Using cellulase was relevant as a localised mode of degradation, targeting selectively cellulose. It was preferred over a simple acid hydrolysis that might have been more uniform in its mode of degradation since it also affects hemicelluloses [39]. Using two different cellulases for their different chemistry was also interesting because they might affect fibres strength differently. CSv results for the BP-C cell and BP-C endo experiments are represented in Figure 3.11. Suprisingly, the CSv increase with C endo dose followed an intermediate plateau, probably because the endoglucanase failed to reach some regions within the fibres unless a high concentration of enzyme was used.

Determination of BP-C cell samples DPv was difficult since most of the pulp samples weight (2 g o.d.) was lost during washing and filtering, indicating an important formation of fine elements. Also, the direct dissolution in DMAc / LiCl (8 %) protocol had to be adapted for these samples since the ventilation from the fumehood would draw off part of the sample of the filter membrane after the methanol-drying step. As much as possible of the sample's fibres have to be dissolved for the GPC system to correctly calculate molar masses.

Other treatments

Other treatments were added to the list to compare pulps degraded at the same DPv level:

-BP-(P 100 ): hydrogen peroxide stage at high temperature (100 °C, 2h, 0.8 % NaOH).

-BP-(ZP): ozonation at pH 2.5-2.7 followed by an hydrogen peroxide stage.

-KO-(Z alk E): ozonation at pH 12.5 followed by an alkaline extraction stage (70 °C, 1h, 1 % NaOH). 

Molar mass distributions of bleached pulp degraded with different chemicals at the same DPv levels

Molar mass distributions at DPv 1160

The original goal of this study was to compare MMDs of samples degraded to the same DPv, with the prospect of observing differences whether the degradation of carbohydrates taking place within bleached fibres was uniform or not. The choice for a starting pulp fell on fully-bleached pulp BP. Complete results for the pulps degraded at equal DPv are given in Appendix D.

The first target DPv was that of the TCF pulp: around 1160 (+/-50). The chemical doses of the degrading treatments were chosen using results from the trial & error experiments.

MMDs of Z(0.17%)Eo, H(0.6%), C endo (20 U/g), P 100 (1%) degraded pulp samples as well as the TCF pulp are shown in Figure 3.12. Overall, MMDs were similar and cellulose peaks centered on the same value (∼ 5.65). In fact, the slight differences between MMDs in Figure 3.12 were within the accuracy limit.

The only sample that differed substantially from the others was the blend of 40 % BP (% in wt.) with 60 % of BP-Z(0.5%)Eo. In fact, this sample was produced to represent a pulp subject to a localised degradation, with still preserved long cellulose chains and therefore showing a large dispersity. For clearer visualisation, this sample MMD was represented in a different figure, using BP and BP-H(0.6%) as references (Figure 3.13). Despite showing a somewhat general displacement towards the low molar masses compared to BP-H(0.6%), the mix[BP 40% /BP-Z(0.5)Eo 60% ] MMD had a similar DPv value. This underlined the high sensitivity of the DPv towards longer cellulose chains. In other words, the small green-coloured area compensated for the larger red area on Figure 3.13.

In order to highlight clear differences between carbohydrates-degrading treatments, it was decided to compare samples degraded at a lower DPv, this time around 850 (+/-50). 

Molar mass distributions at DPv 850

This time, MMDs represented on Figures 3.14 BP-H(1.5%) had fewer long cellulose chains and its cellulose peak was also narrower. Thus, the degradation induced by (H) was more homogeneous wihin the fibres than that provoked by Z(0.35%)P treatment. The cellulase treatments showed that the pure β-endoglucanase was even more localised than the cocktail Celluclast, leaving many intact long cellulose chains (Figure 3.15). A large amount of medium-mass depolymerised cellulose chains accumulated in BP-C cell (10 U/g).

The (C cell ) treatment cut down more long cellulose chains probably because it managed to make its way deeper into the fibres by the synergetic action of its different enzymes [35],

while endoglucanase alone was probably stuck in some specific spots of the fibres such as micropores and local defects. Hence, endoglucanase enzymes could only further decrease the length of available amorphous cellulose chains while Celluclast probably kept digging further into hitherto unavailable regions of the fibres.

Correlations between DPv and SEC-determined DPr

The DPv has been reported to be more related to the DP w than to the DP z [40]. Here, both correlations seemed valid (Figure 3.16) although the DP z (C) graph had a more regular and continuous shape. An interesting remark is that the reduced DPv B values of the KO pulp samples degraded by ozone, except for the TCF, were probably underestimated (red squares in Figure 3.16). Indeed, the β-elimination reaction may compete with the CO reduction by sodium borohydride, provoking some unwanted chains scissions before measuring the DPv [41]. However, DPv B values of BP-H and KO-H samples did not seem to be underestimated except for the extremely low DP samples (green circles in Figure 3.16). A plausible explanation for this differerence between (ZEo) and (H) treated samples is that some carbonyl groups would have a higher alkaline lability than others depending on their position on the AGU [42]. β-elimination reactions on CO groups on C2 and C3 positions would be about 20

times faster than for carbonyls on C6 position, thus explaining why no underestimation of the HOCl-oxidised pulps DPv B was observed here [43]. 

Uniformity of the degradation within fibres and its

connection to fibre strength

Localised degradations by cellulase enzymes

Effect of cellulase cocktail Celluclast (C cell ) on unbleached and bleached kraft fibres

Cellulase being very large organic molecules, their penetration into the fibres is limited and usually takes place in the existing local defects or nodes (e.g. kinks) on the fibres surface. The enzyme proceeds to depolymerise cellulose in these defaults and moves through the cell walls layers from there. The MMDs in Figure 3.17 show a contraction of the high-M r end, indicating that the Celluclast cocktail managed to penetrate most parts of the fibres. Celluclast has been shown to present a very mild xylanase activity [44,45,46,47]. However, the increase of the HC peak height is probably mainly due to the formation of low-M r cellulose chains (Figure 3.17). This resulted in MMDs too difficult to deconvolute. of lignin alters cellulase penetration, making the fibre degradation even more localised than in bleached BP [48].

The SEM micrographs in Figure 3.19 show how the cut-off fibres tend to flocculate [49].

Therefore, the flocculation effect was believed responsible for the heterogeneous dissolution of the (C cell )-treated samples in DMAc / LiCl (8%). 

Effect of pure β-endoglucanase (C endo ) on bleached pulp

Since pure β-endoglucanase can only attack amorphous regions of cellulose microfibrils [37], it was expected that its action would be mostly limited to the fibre surface [34] thus leaving intact the high-M r cellulose chains on the (C endo )-treated samples MMDs [50,51]. The MMDs in Figure 3.20 show otherwise. In fact, for a 20 U/g dose the endoglucanase may have accessed cellulose microfibrils in many parts of the fibres. Nervertheless, the high-M r end of the MMDs did not move towards lower masses with initial endoglucanase dose increased from 20 to 80 U/g (Figure 3.20). This highlights the low substract availability for the enzyme due to steric reasons. 

Dramatic consequences on fibres intrinsic strength

Both (C cell ) and (C endo ) treatments were expected to cleave fibres and deterioriate significantly the intrinsic fibre strength. Hence a Morfi apparatus was used to check the fibres integrity. Surprisingly, Morfi analysis showed that (C endo )-treated fibres were not cut-off (Table 3.6). Endoglucanase being limited to cellulose amorphous regions, it is the crystallitedegrading exoglucanase in Celluclast that provoked fibres breakage (Figure 3.21). It has been proposed that an increase of the cellulose fraction dispersity represents random chain scissions and therefore homogeneous degradations [3,39]. The "homogeneous" term is tricky since localised degradations usually leave unaffected long cellulose chains because of their inaccessibility, de facto increasing the dispersity [50]. Therefore, chemicals capable of ). An advantage of using never-dry pulp is avoiding the detrimental impact of hornification on singles fibres strength occurring during drying [59]. Furthermore, rewetting dry fibres has an unclear effect on the chemically modified hemicellulose matrix and wet fibres strength [60].

Interestingly, the cut-off fibres in BP-C cell (10 U/g) pulp were weakened to the same level as BP-C endo (30 U/g) fibres that kept the initial BP fibres length. According to Seth [61], fibres length would not be a critical parameter in the determination of the zero-span tensile index.

Measured in the never-dry state, the zero-span tensile index would be mostly influenced by local defects [62]. Therefore, the marked decrease of the NDZS tensile strength induced by both cellulase treatments clearly revealed the localised nature of their attack (Figure 3.22b).

Weak points are created or aggravated by cellulase enzymes, whether they lead to fibres breakage (Celluclast cocktail) or not (pure endoglucanase). 

Molar mass distributions of pulps degraded by ozone followed by an alkaline extraction: (ZEo) Effect of (ZEo) on cellulose within unbleached kraft fibres

Contrasting observations on ozone-bleached paper or fibre strength have been reported in the literature (cf. 1.3.3). In this thesis, a mix-hardwoods oxygen-delignified kraft pulp bleached by a A(ZEo)(ZEo)(ZP) sequence presented strength properties equivalent to that of a DEpDD bleached pulp reference, despite the former pulp having a 15 % lower DPv (cf.

2.1.3

). On the one hand, it seems logical that the degradation induced by ozone must be rather homogeneous within the ozone-bleached fibre. Indeed, free radicals are created by ozone re-acting on C=C unsaturations (ie. lignin structures, hexA, some extractives) and unsaturated substances are present in all cell wall layers so carbohydrates depolymerisation should occur everywhere in the fibre. On the other hand, several studies demonstrated that the ozone reaction in the unbleached fibre follows a shrinking core model [63,64,65]. Hence, ozone would actually provoke more cellulose [66,67] and hemicelluloses [68] chains scissions on the fibre surface than in its core.

The thickest cell wall layer being secondary S 2 , the core of the fibre usually refers to the central part of this layer. The void in the fibre lumen allowing the circulation of chemicals in solution, the fibre surface encompasses not only P and S 1 layers, but also the warty layer and S 3 . The shrinking core model is in accordance with the higher amount of lignin on the kraft fibre surface than in its core [69,70,71]. Consequently, the radical-induced degradation of carbohydrates should be more intense on the fibre surface. Additionally, the intensified depolymerisation happening in the outer layers of fibres was confirmed by a SEC-based investigation on the effect of a (Z) stage on unbleached HW kraft pulp [5]. The degraded samples MMDs exhibited a clear high-M r peak attributed to the preserved cellulose fraction present in the fibre core (Figure 3.23). According to the authors, this intact fibre core was the reason for the somewhat preserved mechanical quality of (Z)-degraded kraft fibres, as measured by the rewetted zero-span tensile index, despite the obvious decrease of the average cellulose DP. A first observation was that introducing 0.15 % ozone did not affect the long cellulose chains, but 0.5 % ozone did.

The most striking result was obtained for larger ozone doses. KO-Z(2 %)Eo and KO-Z(4 %)Eo presented an asymmetrical tail in the high-M r region, suggesting the presence of a high-M r cellulose fraction. This hidden preserved cellulose peak was approximately centred on the same log(M w ) value as that of the original KO pulp. This peak was not as distinct as the one greater than that of the comparable KO-Z(2%)Eo sample, exhibiting a higher amount of high-M r cellulose chains (Figure 3.26). Despite increasing cellulose accessibility for ozone by raising the pH to 12.5 there was even more preserved cellulose than when performing (ZEo) at pH 2.5, at equivalent DP level.

Following a shrinking core model, the ozone degradation of cellulose in O-delignified kraft pulp mostly happens in the fibre surface.

Effect of (ZEo) on cellulose within fully-bleached kraft pulp fibres

In the relative absence of unsaturations like in the fully-bleached pulp BP, the direct attack of ozone on carbohydrates can be expected to be the main cause of cellulose depolymerisation [78,79]. At the ozonation low pH, chain scission would occur first in the accessible disordered regions [3].

Actually, the MMDs on Figure 3.27a show that ozone depolymerises cellulose quite homogeneously in the fibres by cleaving long cellulose chains, and seem to leave the hemicellulose fraction unaffected [78,5]. Without the lignin matrix between cellulose microfibrils, ozone molecules occupy the fibres as the concentration of ozone in solution and in the cell walls quickly become equivalent [80]. Hence, ozone may oxidise cellulose microfibrils everywhere in the fibre. BP was never dried so most micro pores were probably still opened and allowed the passage of ozone solution within the fibres.

A large ozone dose such as in BP-Z(1%)Eo seems to leave a residual cellulose fraction in the high-M r region (C HMr ), as revealed by the triple-Gaussian deconvolution in Figure 3.27b.

This peak, although not as apparent as the one spotted in the KO-ZEo set, was centered on the same log(M w ) as the C peak in BP but of larger mass than the CHM r peak in KO-Z(4%)Eo (Figure 3.28). This proves that some cellulose chains are inacessible to ozone due to their limited swelling in the harsh acidic conditions [81], and that free radicals in the case of KO-ZEo can dig deeper into this hard-to-reach cellulose chains. However, this gives no insight on the plausible location of these inaccessible cellulose chains within the fibres. 

Evolution of the (ZEo)-induced degradation within the unbleached and fully-bleached fibres

In KO-ZEo pulps, the high-M r cellulose peak might represent the cellulose fraction present in the fibre core, probably less degraded because less ozone molecules accessed it than the lignin-rich fibre surface. Radicals may dislocate cellulose crystallites [3], making ozone pass through damaged elementary fibrils to access hitherto preserved ones.

In BP-ZEo pulps, ozone mostly attacks the most disordered regions. It is possible that some zones in the fibres contain larger portions of amorphous cellulose. It is well-known that fibres nodes or defects are more sensitive to chemical attack due to the local lesser orientation of microfibrils [82]. It is possible that these weak points present relatively more amorphous regions than the regular parts of the fibre [83,84].

The (Z alk E) treatment on KO pulp clearly left a significant amount of long cellulose chains compared to the conventional acidic (ZEo) ( 

Molar mass distributions of pulps degraded by hypochlorous acid: (H) Effect of (H) on cellulose within unbleached kraft pulp fibres KO

At pH 4.9 in the hypochlorous acid (H) stage, the swelling is much improved compared to (ZEo) stage conditions (pH 2.5). Hence, more cellulose fibrils should be accessible to HOCl molecules in solution. Yet, the effect of HOCl on KO pulp MMD was similar to that of (ZEo): long cellulose chains were relatively preserved (Figure 3.30).

In the meantime, a large amount of low-M r cellulose and hemicellulose chains was formed, increasing the overall dispersity. It is possible that the absence of alkaline stage following 

Effect of (H) on cellulose within fully-bleached kraft pulp fibres BP

In the absence of lignin, HOCl is free to react on pulp carbohydrates [31]. Since their degradation pathways involve not only ionic but also radical attacks, both amorphous and crystalline regions of cellulose microfibrils should be affected. MMDs of the BP-H set are represented in Figure 3.31. The evolution of the degradation was similar to that of KO-ZEo and KO-H: the long cellulose chains are first preserved for a low HOCl dose (0.6 % on o.d. pulp), but are severely depolymerised for higher doses.

However, albeit visible for large HOCl doses the C HMr fraction was very small and kept being depolymerised by the increasing HOCl charge, as evidenced by the difference between BP-H(4%) and BP-H(5%) MMDs. This pointed out the more homogeneous degradation of the BP-H fibres (Figure 3.31) compared to KO-ZEo fibres (Figure 3.24), and the critical role of lignin in cellulose depolymerisation for the latter. 

Evolution of the (H)-induced degradation within the fibres

The CSz(C) increase with CSw(C) was greater for BP-H than for BP-ZEo samples (Figure 3.32a), underlining the easier penetration of the fibre by HOCl at a higher pH. The difference between KO-H and BP-H suggests that the presence of lignin protects the longer cellulose chains, probably by quenching radicals and favorising HOCl ionic degradation of amorphous cellulose (Figure 3.32a). Indeed, for KO-H samples roughly as much long cellulose chains as weight-average chains were cleaved.

The relatively low extent of high-M r cellulose depolymerisation for low charges of HOCl applied on KO and BP (Figure 3.32b) resembles that observed for KO-ZEo and its shrinkingcore model (Figure 3.24). The comparison with BP-ZEo points outs the higher reaction rate of HOCl with both crystalline and amorphous cellulose, compared to that of molecular ozone mostly restricted to amorphous cellulose. 

Effect of (H) and (ZEo) on the fibres morphology and intrinsic strength Absence of fibres deformations from (H)

As fibres deformations such as kinks and curls can deterioriate fibres and paper strength [90,91,92], fibres morphology was controled by Morfi. Perhaps due to the homogeneous nature of the fibre degradation occuring in (H), no deformations appeared, even with the 4 % HOCl charge leading to a major DPv loss (Table 3.7). No or little deformations from (ZEo)

The semi-bleached KO-ZEo and KO-A-ZEo fibres presented more kinks than the reference KO (Table 3.8). Even when fully-bleached with a (Hol) treatment, KO-Z(4%)Eo and KO-A-Z(1.5%)Eo had more kinked fibres than reference KO-A-Hol pulp. On the contrary, the two TCF pulps did not show any major morphological difference with KO-A-Hol.

Hence, intensified fibre surface degradation in KO-ZEo and KO-A-ZEo fibres might have created local deformations.

Additionally, KO-Z(4%)Eo pulp contained shorter fibres in average. Since its broken fibres content was identical to other pulps, and that no fibres cut-off were observable on the SEM micrographs (unshown here), this implied that this sample's fibres were shortened by their extremities. Such a result for HW kraft fibres had been reported for long ozonation times [93]. Here, the extensive degradation of fibre surface by ozone and the probable "peeling" of degraded cellulose bundles in (Eo) evaluated by the increased macrofibrillation index (Table 3.8) are probably the reason for the observed fibres shortening. On the other hand, (ZEo) applied on bleached pulp BP seemed to have straightened the fibres (Table 3.9), possibly due to the repulsive role of newly introduced COOH groups ionised at neutral pH (washing). Never-dry zero-span tensile indexes (NDZS) were measured on available samples listed in Table 3.10. When SEC data were missing, the molar masses were extrapolated from the relevant degradation sets using equations of curves fitting the DP w (C) or DP z (C) vs. DPv plots. When comparing all the degraded samples zero-span tensile indexes on a NDZS vs.

DPv plot (Figure 3.33a), it is clear that only the cellulase treatments severely weakened the pulps. It also look like (ZEo) had almost no impact on the fibres intrinsic strength since even for the critical DPv loss represented by KO-Z(4%)Eo, degraded fibres kept about 80 % of their initial strength. This result is similar to that obtained by Berggren et al. [5]. Three samples (circled in red in Figure 3.33a) showed different NDZS indexes at the same DPv: KO-A-Z(1.5%)Eo, TCF 3 , BP-Z(0.17%)Eo.

However, due to the unreliability of the DPv B value for KO-ZEo pulps (cf. 3.2.2), it is possible that the cellulose average DP of these samples was higher in reality. This hypothesis was validated by the DP z (C) plot in Figure 3.33b. KO-Z(4%)Eo and KO-A-Z(1.5%)Eo still presented a high amount of long cellulose chains.

When plotted against the DP z (C), the BP-Z(0.35 %)Eo pulp NDZS was still distinctly lower than that of the other ozone-bleached pulps (TCF 3 and KO-ZEo). This is even more significant knowing that BP-Z(0.35%)Eo fibres are straigthter than KO-ZEo fibres (Tables 8 &9), and that straight fibres usually show a higher zero-span strength than deformed fibres [61,94].

Interestingly, the TCF 3 fibres strength loss -DP z (C) correlation was somewhere between that of KO-ZEo and BP-ZEo sets. It is reminded here that TCF 3 A(ZEo)(ZEo) pulp was already bleached to 86.4 %ISO before being subject to Z(0.1%)P. It is possible that this final ozone dose mostly degraded the fibres via a direct attack of molecular ozone rather than with free radicals (cf. 2.3.4) thus exacerbising fibres defaults and wet strength loss. Hence, in order to preserve fibres strength it would be wise to avoid as much as possible to introduce ozone in the relative absence of lignin, such as in the ultimate stage of a bleaching sequence. The fact that unsaturated substances are gradually extracted from the pulp probably prevents the fibres from suffering intense degradation on their surface. This is suggested by the absence of new deformations and low macrofibrillation index of TCF 3 and TCF 4 pulps (Table 3.8).

With multi-stage ozone the degradation would rather occur in all the the cell wall layers with perhaps a more pronunced depolymerisation around the lignin and hexA enriched layers of KO pulp fibres.

BP-P and BP-H seemed to provoke less NDZS strength loss than the other degradations (Figure 3.33b). The NDZS being correlated to the presence of weak points or nodes on fibres [62], it is therefore possible that the KO-ZEo degradation is more localised than that provoked by hydrogen peroxide and hypochlorous acid due to its lower operating pH. 

Chapter conclusion

In order to get a better understanding of how the cellulose degree of polymerisation (DP) is possibly linked to fibres strength, it was decided to use size exclusion chromatography (SEC)

to This chapter brings further evidence that the sole DPv determination is not enough to predict paper strength loss. Although it somehow represents the intensity of a degradation, it brings no information on its localisation within the fibres. Uniformity of the cellulose depolymerisation seems a key parameter of fibres intrinsic strength. Hence, topochemistry considerations are required to assess the impact of each cellulose-degrading chemical used in the pulping and bleaching processes on final paper strength.

Chapter 4

Unraveling the cause for differences in yellowing between ECF and TCF bleached kraft pulps via UV resonance

Raman spectroscopy

As presented in the previous chapter, the TCF pulp presented a more stable brightness than the ECF. Brightness stability depends on the amount of chromogeneous species present in the bleached pulp. These chromogens can be both residual lignin (or other C=C unsaturated compounds ie. extractives), or ed functions on carbohydrates such as CO groups. It is often difficult to determine the main culprit for pulp yellowing since both are usually present as traces (ppm or even ppb) in bleached pulp. For dissolving prehydrolysis-kraft pulp, recent results proved a TCFz bleaching sequence (ZEo)(ZEo)(ZP) superior to an ECF, in terms of brightness stability [1]. In that study, UVRR spectroscopy looked like an appropriate tool for assessing these differences between bleached pulps, the TCF pulp containing less unsaturated substances than the ECF. This result, true for dissolving-grade pulp was yet to be demonstrated for paper-grade pulp which contains hemicelluloses detrimental to brightness stability.

Therefore, UVRR spectroscopy was used as the driving method in this chapter dealing with the observation of residual unsaturated substances in bleached kraft pulp, and their elimination with different post-bleaching treatments.

Note: The Raman bands attribution and the description of the UVRR specral regions are detailed in the Materials and Methods section of this thesis (Chapter 6).

Spectral differences between the ECF and TCF bleached pulps

The brightness and PCN values of the ECF and TCF pulps produced in Chapter 2 are shown again in Table 4.1. The TCF pulp brightness was twice more stable than for the ECF. As anticipated, their To what degree the differences between UVRR spectra are meaningful to assess variations in brightness stability is investigated in this chapter. For this purpose it was chosen to perform a series of post-bleaching treatments using the commercial ECF pulp "BP" as reference pulp since it was available in larger quantities than the lab-produced ECF pulp.

The repeatability obtained for BP several measurements over time was assessed using all the spectra acquired throughout this study, for a total of 6 measurements. Normalised intensity values for phenolic -OH, benzyl ring, and hexA peaks taken at 1380, 1612 and 1657 cm -1 , respectively, are presented in Table 4.2. BP Raman spectra are shown in Figure 4.2.

Interestingly, BP spectral intensity in region III was somewhere in between TCF and ECF lines, as was its PCN value.

All the Raman spectra in the rest of this chapter are compared to BP spectrum measured in the same set. For aged samples, the reference pulp was aged BP. 

Acidic post-bleaching treatments 4.2.1 Influence of hexA and residual lignin: effect of (A) (hot acidolysis) and (SC) (sodium chlorite) treatments

The first post-bleaching treatments applied on BP pulp were an (A) stage and a sodium chlorite (SC) stage, using 7 % NaClO 2 and an acetic pH buffer. The pH, temperature, and duration of the treatments are given in Table 4.3. Acid sodium chlorite (ClO 2 -) chemistry towards lignin is similar to that of chlorine dioxide (ClO 2 ). Its effect on BP within the denoted SC treatment is relatable to the effect of a (D) stage since some ClO 2 is formed. The aim here was to obtain a complete delignification of the already bleached pulp BP, while avoiding any cellulose depolymerisation by reducing the amount of chlorite compared to a holocellulose (Hol) treatment. ClO 2 is capable of oxidising free phenolic groups of lignin, as well as reacting with hexA but more slowly than with lignin [2,3]. There was no substantial difference between the three treated samples, compared to the reference pulp. Region III of the spectra was unchanged. Only a minor signal decrease at 1380 (phenolic -OH) and 1412 cm -1 (lignin) were noted for SC sample. This might have been a measurement artifact, as the intensity difference with BP was within the uncertainty value for this spectral band (0.06 a.u.).

This may point out that the observed unsaturations in BP are carried by resilient and acidstable chromophores. Quinones, as the most common chromophores in chemical bleached pulps [4], seem likely candidates. They are generated by action of ClO 2 on lignin, especially in the (D 0 ) and (D 0 ) stages of the bleaching sequence [5,6]. Besides, degraded lignin can also recondense into quinonoid structures during alkaline extraction stages [7]. Moreover, quinones are unsensitive towards the chlorite ion (ClO 2 -) and it acidic form chlorous acid (ClO 2 H) [8],

and chlorine dioxide (ClO 2 ) can eliminate them only when introduced in large excess or when they are linked to phenol moieties [9,10]. Therefore, it is plausible that the SC treatment did not bring any more significant change to BP which had already undergone two consecutive D stages.

Similarly, no strong differences stood out from the brightness and PCN results shown in Table 4.3. A trend towards slightly higher brightness was observed for (SC) and (A-SC), and it looked like all treatments slightly improved brightness stability, A-SC being the most efficient.

The slight improvement in brightness with (SC) and the better brightness stability with (A) and (A-SC) would be in accordance with removal of small quantities of chromophoric groups present in degraded lignin and hexA, despite the absence of effect on the UVRR spectra.

Another explanation for the slight improvement in brightness and brightness stability could be the hot temperature and acidic pH of both (A) and (SC) stages. Acidic treatments performed at high temperatures are known for their role in metal ions removal [11,12]. And, as mentioned in the literature review, metal ions can form chromophoric complexes or be coloured themselves in particular oxidation states. An additional evidence of that (A) and (SC) stages did not remove unsaturated substances (hexA or lignin) to a substantial extent was obtained by subsequently applying 0.17 % ozone prior to a (Eo) stage, and measuring the DPv after sodium borohydride reduction (Table 4.4).

According to Ragnar et al. [13] and Pouyet et al. [14], any significant removal of lignin and hexA should result in better DP after ozone treatment since the reaction of ozone with phenol and C=C groups would generate radicals. This was not observed here, except maybe in the case of (A-SC) treatment. Therefore, it is possible that the hot acid wash effect on brightness stabilisation prevailed over other possible causes. Even though the proof is not absolute it does not seem that the gap in UVRR absorption difference between BP, ECF and TCF pulps would be due to differences in their content in residual hexA and phenolic lignin unalone. This difference would rather be due to recalcitrant lignin-derived moieties resilient towards both acid and ClO 2 -.

Influence of unsaturated substances: effect of Z (ozone) treatment

Ozone can react on any C=C unsaturation. Applied on BP, a general decrease of region III of the spectrum was expected. This was shown in Figure 4.4 . (Z) induced a dramatic decrease of the spectral intensity and yielded a flat profile, similar to that of the TCF. Intensities around 1610 cm -1 (conjugated 6-carbon ring), 1620 to 1650 cm -1 (conjugated C=C), 1660 to 1700 cm -1 (quinones and conjugated CO) were noticeably reduced. It is unfortunate that chemical groups vibrating at these latter Raman shifts (containing CO) are not resonating well at the used laser wavelength (244 nm), which makes their allocation difficult. Ozone chromophores destruction ability was once again evidenced, as (Z) improved brightness by 2.3 %ISO (Table 4.3). The UVRR spectra clearly showed that these chromophores contained C=C unsaturated substances and CO groups. One may postulate that some of them must include quinones, which might be more present in ECF pulps than in TCF pulps [1] as they are formed by ClO 2 oxidation of lignin as side-products [5,15,16,17]. Ozone successfully removing quinones and being far superior to ClO 2 on that matter is a known fact [18].

BP, TCF, and BP-Z(0.35) showed evenly incrementing brightness values (89.8, 91.0, 92.1 %ISO, respectively) that followed the order of UVRR signal intensities (Table 4.3). However no strict correlation was expected considering the complexity of the brightness contributions.

Furthermore, BP-Z(0.35) had a higher PCN value than TCF, roughly the same as BP's. This definitely turned down any direct correlation between Raman spectral intensity and brightness stability.

The UVRR spectra of the aged samples (24h at 105 °C) are represented on Figure 4.5.

The observed increase in Raman intensity was quite intense for BP-Z(0.35), which aligned with its mediocre brightness stability (PCN = 0.40). Also, and unlike BP and TCF pulps, the right part of region III corresponding to CO groups increased almost as much as the more resonating structures to the left. This observation is in accordance with results from the literature showing how pre-existent CO groups on lignin and carbohydrates enhance the apparition of new conjugated CO species during aging [19,20]. To illustrate further the rather diametric relationship between brightness improvement and brightness reversion, the reference pulp was treated with 2 % hypochlorous acid (HOCl) via a (H) stage (Table 4.3). The aim here was to generate plenty of CO and COOH groups on carbohydrates to promote pulp yellowing [21,22,23,24] while potentially removing some of BP remaining phenolic chromophores [25,26]. The H-treated pulps UVRR spectra -both unaged and aged -are shown in Figure 4.6.

The first striking observation was a general bathochromic shift, probably a result of the chlorination of resonating species [27]. Intensity of spectral region III was generally lower than for BP but slightly higher than for BP-Z(0.35), indicating the weaker effect of (H) regarding conjugated C=C chromophores elimination, compared to ozone. Still, for identical pH and temperature conditions, H(2%) was way more efficient at removing residual unsaturated substances than SC(7%). Although HOCl has been shown able to oxidise quinones [28,29], this result remains surprising since there is no evidence that hypochlorous acid is more fit than ClO 2 to oxidise stable chromophores in bleached kraft pulp. Furthermore, the lowest reactions rates for the HOCl oxidation of various phenolics have been reported around pH 4.9 [30]. Nevertheless, for a same brightness gain as Z(0.35%), (H) induced a large increase of the PCN (+ 0.58) (Table 4.3). This was correlated with the expected intense oxidation of carbohydrates.

Clear visual interpretations could be made from the aged sample Raman spectrum. Indeed, the apparition of two notable shoulders indicated the presence of quinones and possibly other conjugated CO structures, at 1680 and 1695 cm -1 . In fact, considering the spectral shift of 12 cm -1 induced by chlorination [27] these two shoulders could be re-assigned to 1668 and 1683 cm -1 values which are specific peaks of para and ortho-benzoquinones, respectively [31].

Overall, the whole spectral region reported for conjugated C=C and CO groups, [1620 -1720 cm -1 ], showed a significant increase of signal intensity with aging. This further evidenced the phenomenon previously described for the (Z)-treated pulp.

In a nutshell, the (Z) and (H) stages could significantly remove chromophores but adversely affected the brightness stability by introducing new CO groups on the carbohydrates.

This effect needs to be kept in mind to implement ozone in the most appropriate way within any TCF or ECF-light sequence. Up to that part of the study, all the presented treatments were acidic and applied on a DEpDD bleached pulp. In fact, this pulp already consisted in two final and consecutive acidic (D) stages. The following part deals with the effect of alkaline stages, and chemicals that act on CO groups in particular. brightening and brightness stabilisation effects [32,33]. As described in the literature review (Chapter 1), H 2 O 2 can effectively oxidise carbonyls in lignin structures which explains the important brightness gain brought by a (P) stage [34,35,36,37]. On the other hand, sodium borohydride NaBH 4 also has a beneficial effect on brightness by reducing aldehydes and ketones into primary and secondary alcohols, respectively [38,39]. The drawback of the (B) stage resides in its reversible nature: these newly formed OH groups can convert back to CO groups over time via oxidation [40]. Besides, its industrial application is unlikely due to its high cost and toxicity. Nevertheless, it was decided to compare both chemicals and their effect on BP Raman spectrum.

Alkaline post-bleaching treatments

Treatments (B) and (P) markedly decreased the spectral intensity (Figure 4.7). They eliminated part of the conjugated moieties, and the decrease of the signal around 1610 cm -1 could be associated with the elimination of quinone-type chromophores as they can be decomposed by H 2 O 2 [41]. Borohydride treatment might have reduced para and ortho-quinones to phydroquinones and catechols, respectively, making them soluble in the alkaline conditions of these reactions.

Both (B) and (P) treatments increased brightness to the same level (Table 4.5). Elimination of CO groups on chromophores certainly explains most of this result [42,43]. (P) was more effective than (B) regarding brightness stability (PCN values: 0.23 vs. 0.28, respectively).

The irreversible destruction of CO groups by hydrogen peroxide may be the reason for the superiority of the (P) treatment in that respect. Additionally, H 2 O 2 can degrade quinones permanently [44].

Nevertheless, it remains unclear whether the decrease of UVRR signal is really due to the chemical destruction of the CO groups or from some possible dissolution of unsaturated substances in the alkaline conditions of the two treatments. 

Effect of alkaline extraction

In order to discriminate the last results, the same treatments were applied without the main chemical (H 2 O 2 for (P), NaBH 4 for (B)) but with the same reaction conditions: time, temperature, pH, in two different alkaline extraction stages.

The (Epc) and (Ebc) treatments ((E) stages with (P) and (B) conditions, respectively)

showed spectra identical to those after (B) and (P) (Figure 4.8). They all decreased the intensity of the Raman spectrum of starting pulp BP corresponding to lignin moieties, although these alkaline stages were not supposed to eliminate quinones and phenols. It is possible that some of these chromophores are covalently linked to alkaline-soluble moieties like muconics, or more generally to any COOH groups, which would explain their elimination in (Ebc) or (Epc).

Altogether there was an observed decrease in PCN, although not as strong as for the (B) and (P) treatments (Table 4.5). Moreover, there was no brightness gain. This was anticipated since in the latter stages of a bleaching sequence, alkaline extraction stages usually do not increase pulp brightness. In the presence of CO groups on carbohydrates they can even contribute to pulp yellowing [1,9].

Therefore it appears that the decrease of the UVRR spectral intensity during (B) and (P)

stages is mostly due to the alkaline conditions and corresponds to the dissolution of substances containing conjugated C=C groups, likely including aromatics as suggested by the observed decrease of the aryl ring stretching band at 1612 cm -1 which can be safely attributed to residual lignin fragments. Such an easy dissolution in the very mild alkaline conditions of a (B) treatment suggests also that these fragments contain either phenolic or carboxylic acid groups such as in muconic acid derivatives formed in the (D) stages of the bleaching sequence. Furthermore, the four alkaline treatments presented in this section lowered the signal absorbing at 1380 cm -1 , indicating clearly the elimination of phenols [45,46].

Again, it was concluded from these four alkaline treatments (B), (P), (Ebc), (Epc) that the Raman spectral intensity could not be correlated to pulp brightness. Pulp brightness would be linked to the content in CO groups originating primarily from lignin oxidation such as quinones which are not supposed to be destroyed by the alkaline conditions.

Finally, the lower PCN values after alkaline treatment indicate that the alkali-soluble substances are greatly detrimental to brightness stability and are therefore considered potent chromogens. A measurement of aged samples could provide additional information of relevance in the identification of these chromogens.

Aging of alkaline-treated samples

After aging, all the alkaline-treated pulps spectra raised up slightly, but in a lesser extent than BP spectrum (Figure 4.9). Unaged BP-P was used as a reference for the (Epc), (B), and

(Ebc) unaged spectra since they were identical. The slight increase of spectral intensity upon aging was in line with the lower PCN values of BP-B and BP-P and likely connected to their lower content in CO groups. But, surprisingly, aged Ebc and Epc spectra were identical to that of B and P (Figure 4.9). Aged spectra give a hint about the nature of some of the chromogens. Indeed, in this set of measurements the intensity of the aryl ring peak at 1612 cm -1 increased mainly only for BP, upon aging. That formation of new conjugated rings can be assigned to the generation of quinones, or to the increased conjugation of aromatics [47,48]. Quinones may originate from both residual lignin [49,50,51,48] and oxidised carbohydrates [52,14,4,53]. But the fact that DPv and DPv B values for BP are identical (1400 vs 1380 B ) tends to prove that BP does not contain a significant amount of CO groups on its carbohydrates. Consequently, phenolics are probably among these chromogeneous substances dissolved by the alkaline treatments.

The relative inefficiency of the acidic stages towards brightness stability logically agrees with the fact that the main chromogens in the commercial BP pulp (ECF bleached with DEpDD) are alkali-soluble substances, probably oxidised lignin moieties formed in the acidic (D) stages. Any alkaline wash applied at the end of this sequence would effectively stabilise the pulp brightness. The removal of oxidised lignin greatly improving brightness stability of the pulp is in line with results from the literature [54]. In this thesis experiments, ozone and hypochlorous acid greatly brightened the pulp thanks to their high oxidation potential that lead to substantial degradation of conjugated CO groups. However, they failed to improve brightness stability because of the poor elimination of oxidised substances in the pH-neutral laboratory wash and probably also because of the newly added CO groups on carbohydrates [14,19]. Therefore, a combined Z + alkaline stage could be a better option to improve pulp brightness and its stability.

4.4 Combination of (Z) with an alkaline stage: the best option for brightness stabilisation?

Effect of Z + B and P

Raman spectra on Figure 4.10 showed that although the signal had lowered with (Z), it did not decrease much more after a subsequent (B) or (P) stage. However, the PCN value that was unchanged after (Z) alone was now significantly lowered (Table 4.6). Brightness after (P) was slightly better than after (B) (+0.5 %ISO), probably because of a better efficiency of H 2 O 2 towards CO groups elimination, or to a greater swelling of bleached fibres at higher pH [55,56,57] and temperature leading to better chromophores solubilisation [58].

After samples aging, the trend that was observed for BP-Z(0.35%), i.e. an important increase of the signal intensity, was not observed for both (ZB) and (ZP). Indeed, aging of (ZP) led to the smallest increase of the UVRR signal intensity. This globally followed the brightness stability values: PCN 0.21 and 0.23 for (ZP) and (ZB), respectively, against 0.40 after (Z) (Table 4.6). The aged (ZB) spectrum showed the presence of quinones with a shoulder at 1687 cm -1 whereas this same shoulder was not apparent on (ZP) aged spectrum (Figure 4.10). It is interesting to note that this shoulder was already present in unaged BP-Z(0.35%), but absent in BP-Z(0.35%)B and BP-Z(0.35%)P. Thus, both (B) and (P) effectively affected quinones which are not only coloured substances but also powerful yellowing precursors, and the former did so in a reversible way while the latter did it in a permanent way. The formation of new quinones with aging was confounded by the increased peak intensity at 1612 cm -1 in the case of (ZB), while it remained unchanged for (ZP).

As mentioned earlier, the rather high PCN value observed after (Z) was probable due to new CO groups formed on carbohydrates [59,19]. These last results may also point out that most of these CO groups can be successfully removed by (B) or (P). According to the UVRR corresponding spectra no or very few quinones and similar conjugated structures would be formed during aging of (ZP). Simultaneously, the PCN values of the pulp decreased with post-Z (Ebc) and (Epc) treatments (Table 4.6). This showed that yellowing precursors still present in the pulp after (Z)

were eliminated during the alkaline treatments. A slight advantage of (Epc) over (Ebc) was observed on the PCN (0.03 points difference) and was likely due to the higher alkalinity and temperature used for Epc, thus favoring a better dissolution of alkali-soluble substances. It is concluded that most of the brightness stabilisation observed after (ZP) and (ZB) are actually due to the alkaline conditions. Finally, after aging the general spectral intensity for the (ZEbc) and (ZEpc) (Figure 4.11) did not increase as much as for BP-Z(0.35%). This was in line with the lower PCN values obtained for (ZEbc) and (ZEpc). 

Differences in colour rising from residual lignin and from oxidised carbohydrates

Residual lignin or oxidised carbohydrates: who is the culprit? the same at 0.2 % and 0.35 % ozone but substantially higher at 1 % ozone. The explanation could be found in the formation of CO groups on carbohydrates during ozonation which has an adverse effect on brightness stability and may counterbalance the positive effect of the removal of conjugated C=C and CO groups on lignin-type residues. The signal around 1700 cm -1 is confounded with that of Z(0.35%). It is likely linked to the presence of CO groups on carbohydrates since those on the other substances should have been washed off by (Eo). This band is logically reduced by a treatment with borohydride (B). After aging the band at 1650 cm -1 considerably increased, indicating the formation of new unsaturated substances with CO groups. This band was less pronounced after the (B) treatment, underlying the responsibility of the CO groups on carbohydrates in its formation. Moreover, the spectral range [1687-1730 cm -1 ] intensity was almost identical for both BP-Z(0.35%) and BP-Z(1%)Eo, and was lower for BP-Z(1%)Eo-B. That might indicate that the first two pulps have a similar amount of CO groups. However, the brightness stability of Z(1%)Eo treated pulp was better than that of BP-Z(0.35%). It may not seem wrong to postulate that BP-Z(0.35%) contains more residual oxidised lignin moieties than BP-Z(1%)Eo, because of the lack of alkaline wash. Therefore, it looks like the increased conjugation of aromatic groups observed at 1615 cm -1 [48] leads to more pronunced pulp yellowing than the formation of new chromophores from CO groups on carbohydrates by hydroxyl radicals [60,14].

This trend was further analysed by plotting the relative increase of the Area under the Curve (AuC) occurring with aging vs the PCN of the samples measured in this chapter (Figure 4.14). The five "well-bleached" samples treated with Z(0.35%)P, Z(0.35%)B, Z(0.35%)Epc, Z(0.5%)Eo and Z(1%)Eo were on a low slope distinct to all the other pulps. This means that the increased conjugation of these pulps upon aging results in little colour formation. On the other hand, the other samples tend to form more potent chromophores for an equal increase in general conjugation [1500-1800 cm -1 ]. Interestingly, Z(0.35%) and H(2%) treated pulps are on this slope, as well as the TCF and Z(0.35%)Ebc pulps (red dots in Figure 4.14).

These results underline the complex nature of chromogens, and might point out the higher yellowing potential of already-conjugated moieties compared to newly formed chromophores from oxidised carbohydrates. A more thorough study would be necessary to confirm this trend. Other analytical methods would be of interest here [61,62].

Finally, an increased charge of ozone could not bring the brightness over 92 %ISO whereas (P) -but only after (Z) -managed to reach over 93 %ISO. This means that some chromophores cannot be eliminated or new ones are formed by ozone, but are removed by H 2 O 2 . One of the characteristics of ozone chemistry is the formation of CO groups when it reacts with the C=C groups of the chromophores. Contribution of CO to colour formation after a (E) stage is such that ozone oxidation may not be always positive for brightness development, especially in the later stages of the sequence. Combination with a H 2 O 2 stage is beneficial since CO groups are the favoured targets of H 2 O 2 .

One may add that a similar discussion applies for brightness stability. Ozone in itself does not stabilise brightness if it is not associated with an alkaline treatment which solubilises its oxidation products rich in CO groups. The application of a hydrogen peroxide stage after (Z) greatly stabilises the brightness.

Discriminating the effects of (Z) and (P) in the TCF sequence

Overall, the best brightness and brightness stability results of this chapter were obtained with the (ZP) combined stage. This treatment benefitted from both ozone high oxidation potentials and H 2 O 2 affinity towards resilient chromophores with CO groups, and from combining acidic and alkaline stages prone to solubilise different substances. This Z+P combination had already proven as being the best bleaching treatment [63]. From these observations it could be assumed that this is the reason why the A(ZEo)(ZEo)(ZP) TCF pulp has a better brightness stability than the ECF pulp. One could argue that the DEpDD sequence does not benefit from the positive effect of a (P) stage demonstrated in this work, and that the comparison may therefore be unfair.

To verify this point, oxygen-delignified HW kraft pulp was bleached with a DEpDD sequence. Part of it was taken before final (D) and underwent a (P) stage instead. The experimental conditions and results are shown in Table 4.7. Clearly, the DEpDP pulp brightness was more stable than DEpDD. This was attributed to the removal of oxidised lignin moieties in the alkaline conditions of the (P) stage [54]. Nevertheless, DEpDP brightness was still less stable than the TCF, despite the two pulps presenting the same brightness. A similar result had been previously obtained for pre-hydrolysed kraft dissolving pulp [1].

To conclude, the use of H 2 O 2 alone is not the answer to the question raised by the PCN difference observed between ECF and TCF bleached kraft pulps. Ozone is. Only ozone could successfully remove the traces of lignin residues in Saint-Gaudens ECF pulp, which are definitely the main culprits of this pulp yellowing upon aging.

Chapter conclusion

UVRR spectroscopy using a 244 nm laser wavelength is an ideal method to detect residual lignin and more generally C=C unsaturations in semi-bleached and even fully bleached pulps.

ECF and TCF kraft bleached pulps produced in Chapter 2 have been measured and showed a large gap between their Raman spectra, especially in the resonance region associated with these unsaturations. The unsaturations detected in the 1550-1750 cm -1 region include aromatics, conjugated C=C groups, muconic acids derivatives, conjugated structures made of C=C and CO such as quinones (all of them likely of residual lignin origin) and hexenuronic acids.

Then, one may wonder if there is a link between the lower intensity of the TCF UVRR signals and its better brightness stability. Another question to be answered is the origin of these differences between the ECF and TCF pulps used in this work.

To investigate this further, a commercial DEpDD-bleached (ECF) pulp from Fibre Excellence Saint-Gaudens mill was used as a starting pulp on which several post-bleaching treatments were applied. It was very interesting to find that very mild alkaline treatments such as those used in conventional P stage, or even in borohydride treatment, reduced both the intensity of the UVRR spectrum and the PCN value of the ECF pulp. These results showed that among the main culprits of the commercial pulp yellowing are alkali-soluble substances. In order to be soluble in alkaline solutions these substances must contain carboxylic acid groups and/or phenolic groups. The lower UVRR signal intensities in the whole investigated region indicate that all the structures mentioned above may be affected except quinones since brightness is not substantially improved. HexA would not be involved either since a preliminary A stage on the ECF pulp, supposed to degrade an important fraction of the hexA did not bring any observable change in the UV spectrum and PCN value, suggesting that their content is very low. The presence of H 2 O 2 or NaBH 4 improved the brightness stability further due to their specific action on quinones and more generally on the CO groups known to favor the yellowing process.

On the other hand, ozone (0.35 % on pulp) drastically lowered the spectral intensity. This change was coming along with a significant brightness gain. This was to be expected as ozone can react on any C=C bond, cleaving them and forming CO and COOH groups. The lower number of C=C groups, including those in aromatics and quinones, explains the lower global decrease of the UVRR signals and the higher brightness (lower conjugation). However, the brightness stability remained the same as that of the starting up. One may admit that most of the degradation products are not soluble in the acidic conditions of the (Z) stage and are still potent yellowing precursors due to their CO groups. Applying subsequent alkaline stages makes them soluble and concomitantly improves the brightness stability. These results illustrate the absence of strict correlation between UVRR signal intensity and brightness stability, since the Z-treated ECF pulp happened to exhibit about the same UVRR signals intensity with very different PCN values. Another reason for the higher-than-expected PCN value of the Z-treated pulp could be the probable presence of CO groups introduced by ozone on the carbohydrates, enhancing the yellowing of the Z-treated pulp sample. This effect was better seen at higher ozone dose (1 % on pulp) and was also confirmed on a sample treated with hypochlorous acid (H), two treatments supposed to oxidise the carbohydrates to a greater extent.

Logically, applying a (P) stage after (Z) gave the best results in terms of brightness and stability. This alkaline treatment solubilised the oxidised fragments formed during ozonation, and brought an extra gain in brightness and brightness stability thanks to its specific chemistry towards CO groups. The TCF sequence developed in this thesis probably greatly benefited from the (ZP) combination.

In an attempt to be more general and considering the high positive effect of a (P) stage on brightness and brightness stability observed in this study, a DEpDP bleaching was performed on the mill unbleached pulp instead of DEpDD. Even if it appeared positive to replace the last D stage by a (P) stage we still observed the better brightness stability of the TCF pulp over the DEpDP pulp, thus reflecting the higher efficiency of ozone on unsaturated compounds compared to chlorine dioxide. This further evidenced the paramount role of lignin residues in bleached pulp yellowing.

As a conclusion, the better brightness stability of the TCF pulp compared to ECF is essentially due to its lower quantity of conjugated C=C and CO groups, reflecting a lower content in lignin residues and quinones. This difference is the result of the easier degradation of these compounds by ozone and the creation of new quinones when chlorine dioxide oxidises phenolic groups in lignin. In both types of sequence the application of a peroxide stage after the chlorine dioxide or ozone stage is essential to maximise the brightness and its stability. However, some of the compounds in OWL are reductants that might decrease the ozone stage bleaching efficiency by consuming part of the introduced ozone. Furthermore, an additional degradation could take place in a bleaching filtrates recycling scenario. Indeed, the organic substances (lignin fragments, low molar mass carbohydrates) dissolved in the effuent could, upon ozonation, generate free radicals.

As accounted for in the literature review section (1.4.2), there was not much informa-tion available regarding ozone bleaching filtrates and their impact on pulp quality (brightness, DPv...), or about increased ozone consumption. Another possible source of degradation is the inorganic matter present in OWL, their interaction with ozone bleaching being unknown.

Furthermore, the effect of the OWL inorganic sulfur species on ozone bleaching has never been investigated.

This chapter is an attempt to remediate to this lacking knowledge and could lead to an increased closure of the water recycling loop within bleached kraft pulp mills.

The TCF sequence used in this thesis does not allow for a full closure of the recycling loop (Figure 5.1). Indeed, the acidic filtrate from the (A) stage cannot be mixed with the alkaline filtrates, and the recirculation of hydrolysed hexA (e.g. furanoids) is unwanted because that would in turn increase ozone consumption in the (Z) stage. The (P) stage filtrate cannot be recycled for reasons already explained in the literature review (1.4.2): this would imply using OWL in (P) which would be further oxidised by H 2 O 2 hence reducing the benefits brought by this stage on pulp brightness, compared to an alkaline extraction stage (E). In the literature, several articles dealt with the impact of bleaching filtrates recirculation [1,2,3]. They underlined ozone preferential attack of fibres' lignin instead of the organic substances dissolved in the filtrates.

In his thesis on bleaching effluent recycling, J. Fiskari noted a 17 % increased Kappa number (KN) due to recycling in a QZP bleaching of HW pulp [4]. Minor DP and brightness losses have been reported for an extended number of recycling loops.

Henricson & Lindholm ([2] reported a 90% KN increase after (Ep) for a maximum number of 6 counter-current recycling iterations in a QZEp bleaching of O-delignified pulp where post-(Q) washing filtrate (= the most contaminated filtrate) from the previous run was used as washing water for the following run, starting with (Ep). This represented 0.1 to 0.2 % ozone consumption over the 0.7 % charge used. The reported limited delignification of the effluentrecycling sequences was possibly the result of the important and quantified accumulation of metal ions consuming H 2 O 2 and thus limiting the effect of (Ep). The washing performed in the laboratory was willingly similar to the industrial operation and consequently less efficient in removing metals than the distilled water washing generally performed in the laboratoryscale experiments [5].

Production of the bleaching filtrates

In this study, bleaching filtrates from KO-A-Z(0.5%)Eo and KO-A-Z(1.5%)Eo treatments were sampled out and separately added to KO-A pulp prior to pH adjustment, filtration and fluffing, before entering a Z(0.25%)Eo stage (Figure 5.2).

The 0.5 % ozone charge was chosen in order to make sure enough lignin was extracted from the pulp and reintroduced in Z(0.25%)Eo, and 0.5 % was the total ozone charge used in the TCF sequence. The 1.5 % ozone charge was selected as an additional trial since at this dose, the pulp becomes visually white which means most of the lignin has been depolymerised and subsequently removed in the (Eo) stage. Also, an increased ozone charge should result in a further oxidation of lignin fragments leading to an increased amount of degradation acid products such as oxalic and formic acids [1,6]. The A-Z(1.5%)Eo filtrate was representative of the accumulation of organic substances in a real-case scenario where the pulp leaving the various (ZEo) stages is washed with bleaching filtrate in a closed loop fashion.

The results for the relevant ozone charges in (ZEo) stages applied on KO-A are reported in Table 5.1. Filtrates density was calculated by using a 50 mL calibrated pipette to weigh accurately 50 mL of filtrate on a precision balance compared to the measured weight of 50 mL of DEI water. The increasing density of the filtrates for higher ozone doses was related to a higher amount of Dissolved Organic Matter (DOM) in the Eo filtrate. It can be noted that the quantity of DOM in the filtrate was superior to the amount of lignin removed in the corresponding bleaching stage in the case of 0.5 % and 1.5 % of ozone introduced. This may reflect the dissolution of carbohydrates of low molar mass into the filtrate. To perform the bleaching filtrates recirculation experiments, KO-A-Z(0.5%)Eo and KO-A-Z(1.5%)Eo pulp samples were thoroughly pressed by hand in a nylon mesh (100 µm), prior to washing. The filtrates were stored overnight at 6 °C in threaded cap glass bottles with a mantle of nitrogen. They were used the following day for the actual experiment. As opposed to the usual ozonation procedure, the pH adjustment of the pulp before filtration and fluffing was not done in a large volume of DEI water (4 to 4.5 L). This time, the amount of water was calculated so the pulp consistency was 10 % including the 50 mL addition of bleaching filtrate (Figure 5.2). Most of the DOM present in these alkaline filtrates is believed to precipitate on the acidic pulp fibres [4]. The amount of DOM present in 50 mL of filtrate was approximately of 0.10 g ("Lignin removed (g)" column in Table 5.1). This was close to the theoretical maximum of (1.05 -0.33) / 100 x 15 g = 0.11 g of lignin removable from 15 g of KO-A pulp by (ZEo), according to the UVRR lignin quantitation model built in 

Effluent recycling does not substantially affect the (ZEo) stage

The effluent recycling experimental results are summarised in Table 5.2 and are to be compared to the KO-A-Z(0.25%)Eo performance in terms of ozone consumption, brightness level, and DPv B . Interestingly, the addition of alkaline filtrate to the pulp prior to pH 2.5 stabilisation lead to a fluffed pulp of higher bulk density than usual, with a "crumble-like" aspect. In fact, the pulp shrivelled down into tiny ball-shaped clumps, remarkably differing from the "pop-corn" aspect of fluffed pulp observed during regular ozonation experiments.

The addition of DOM was supposed to consume part of the introduced ozone, possibly lowering the brightness and DPv. However, the addition of DOM did not substantially affect the ozonation. In a way, the absence of DPv loss observed both in the literature and in this work is logical. Indeed, ozone would be more likely to react on hexA and lignin that has never been treated by ozone rather than with organic matter that is a product of ozonation, albeit this postulate is only valid if these ozone-oxidation products are not unsaturated. Furthermore, one of the main degradation products found in ozone bleaching filtrates is oxalic acid [6]. This acid has been shown to be a relatively good radical scavenger, improving ozone bleaching selectivity [7,8]. Hence, two different mechanisms could be at play here.

Nevertheless, this clear absence of effect of effluent recycling on ozone consumption, brightness and DPv did not mean that there was absolutely no detrimental effect coming from the filtrates recirculation. As reported in the literature, effluent recycling mostly affects the Kappa number. Therefore, KN determination was performed on the pulp samples (Table 5.3). There seemed to be a very slight trend towards decreased delignification (6% increased KN), although this higher KN value could be due to a potassium permanganate overconsumption by oxidised molecules coming from the bleaching filtrates and entrapped within the pulp fibres [9]. In conclusion, the recirculation of KO-A-ZEo filtrates into a starting KO-A-Z(0.25%)Eo stage did not substantially affect the ozone bleaching stage efficiency. The negative impact of effluent recycling on ozone bleaching reported in the literature may be in part due to poor washing conditions or to the well-known effect of metal ions on the (P) stage.

Influence of dissolved inorganic matter (DIM) on the ozone bleaching stage (ZEo)

5.2.1 The fates of sodium sulfide, sulfite, and thiosulfate in the con-

ditions of a (Z) stage

Eventually, there is not only the effect of DOM recirculated in the (ZEo) stage to take into account for developing a bleaching effluent recycling strategy: the impact of Dissolved Inorganic Matter (DIM) also needs to be tackled. Indeed, as described in the literature review (1.4.2), the total recirculation of bleaching filtrates would require the introduction of white liquor (WL) or oxidised white liquor (OWL) as a replacement of caustic soda in the bleaching sequence. NaOH and Na 2 S constitute WL. Usually, Na 2 S is only present in minute amounts in OWL [10]. OWL is generally used as partially oxidised white liquor (POWL), where sulfur is mainly present under the form of thiosulfate Na 2 S 2 O 3 , with some sulfite SO 3 2-. NaOH and Na 2 SO 4 are the main inorganic salts found in totally oxidised white liquor (TOWL) [11].

However, POWL use as an alkali source in (P), (Ep) or (Eop) is not recommended since hydrogen peroxide will oxidise thiosulfate into sulfate SO 4 2-. In that case, it is more relevant to use totally oxidised white liquor (TOWL) where all the sulfur is present as sulfate which is inert towards bleaching chemicals. Furthermore, in ozone-based bleaching sequences the unreacted ozone can be conveniently used in the TOWL oxidation unit [11]. Hence, the three sulfur species studied here are the ones that can react with ozone: Na 2 S, Na 2 SO 3 , and Na 2 S 2 O 3 .

Experiments were conducted in a similar fashion as for the DOM, except that no recycling was performed. The inorganic salts Na 2 S, Na 2 SO 3 , and Na 2 S 2 O 3 were simply added to the pulp prior to pH adjustment and ozonation, in a fraction of the volume of DEI water needed for reaching 10% PC (Figure 5.3). The pulp was then kneaded by hand for 2 min before adding diluted H 2 SO 4 (in the remaining water) to the pulp.

Doses of inorganics of 0.75 % on pulp were used. If the inorganics concentration remained the same from the kneading step (PC = 10 %) to the ozonation step (PC ∼ 40 %) (Figure 5.3), that means that the actual inorganics charge was approximately 0.12 % on pulp when entering the (Z) stage. This remains significant since there is only about 1.0 % lignin in KO-A pulp. Of course, the exact amount of DIM dissolved within pulp fibres is unknown, as there might have been additional loss coming from gas production once in contact with acid (H 2 S and SO 2 ). Moreover, the permanent contact with air prior to ozonation and the ozone gas lignin and hexA contents were decreased (Figure 5.5). This was clearly unexpected. At room temperature and under 1 min reaction time, the conventional acidic sulfonation pathway seems unlikely as this reaction usually takes place at temperature values between 140 and 160 °C and for longer reaction time [13].

However, this was in line with the sulfinic peracid HS(O)OOH formation theory [12].

Actually, the reaction rates for the ozonation of H 2 S and HS -being 3 x 10 4 and 3 x 10 9 , respectively [14], it is the reaction between ozone and HS -that dominates for pH > 1.9. And it is the reaction between HS -and O 3 that would form sulfinic peracid intermediate by internal rearrangement of the ozone adduct [12]. The bleaching effect brought by the addition of Na 2 S would then be explained by action of the peracid. Indeed, peracids can both depolymerise lignin [15] and brighten it by side chain oxidation of α-carbonyl groups to esters via a Baeyer-Villiger reaction [16] (Figure 5.6). Peracids oxidation of CO groups remarkably eliminates o-quinones [17,18] and provokes a noticeable colour elimination at the end of a bleaching sequence [19,20]. The Baeyer-Villiger reaction can occur at temperature as low as 60 °C and at pH 3 [21],

and temperature change from 50 °C to 80 °C does not affect the peracid bleaching ability [22].

Despite peracids showing best performance at neutral pH, examples showing good delignification at pH 2.5-3.5 have been reported [23,24]. Therefore, it is possible that the brightness gain observed with the addition of Na 2 S was due to the in-situ formation of sulfinic peracid.

Moreover, peracids have been shown to react preferentially with hexA rather than with lignin [25]. That would explain the observed hexA removal (Figure 5.5). Peracids can also cleave lignin biphenyl and biphenyl ether bonds [26] thus increasing the penetration of ozone into the lignocellulosic matrix [27]. At room temperature, they would not provoke carbohydrates depolymerisation [28].

On the other hand, the parallel formation of sulfur-centered free radicals HOSO • , HOOS • , and HOSOOO • cannot be ruled out. These radicals would be formed by single electron transfers from the hydroxyl radicals HO • [29,30,31,32,33,12]. Both the hydroxyl and sulfurcentered radicals may quickly react with lignin via hydroxylation [34,35,36] and sulfonation [37,38,39], respectively. The thereby functionalised lignin would become more soluble in the subsequent Eo stage, hence the brightness gain brought by Na 2 S. The free radicals may also cleave the cross-links in the lignin matrix thus facilitating the action of ozone [35]. It is also possible that the radicals eliminate some of lignin CO groups, brightening the pulp in the process.

To whether confirm or discard these two hypotheses, the (ZE)-bleaching of KO pulp was performed, with and without addition of Na 2 S, and at pH 3.5 to favour the decomposition of ozone and increase the amount of hydroxyl radicals. This was done to verify the suspected role of sulfur-centered radicals in the bleaching effect of Na 2 S observed earlier. In fact, ozone is not supposed to form radicals per se when reacting on sulfur salts [40,41,42]. But the formation of HS • , HSO • and other sulfur-centered radicals via chain reactions with HO • is instantaneous (∼ 10 9 M.s -1 ) and has been extensively investigated [43,44,45,46,47]. Results

of the pH 3.5 KO-ZE experiments are reported in Table 5.5. Interestingly, the addition of Na 2 S resulted in equal brightness after (ZE) at pH 3.5, compared to control pulp (Table 5.5). This indicated that a bleaching effect coming from the action of sulfur-centered radicals was probably marginal in the (ZEo) performed at pH 2.5, and the brightness gain from Na 2 S addition therefore rather due to the sulfinic peracid intermediate. Although (E) did not increase the brightness for the control pulp, it did so for the Na 2 S-contaminated pulp. This underlined a better solubility of the lignin in the alkaline conditions of (E). This result could be due to the peracid intermediate oxidising certain lignin functional groups to more alkali-soluble moieties [48].

Effect of Na 2 SO 3 and Na 2 S 2 O 3

Looking back at Table 5.4, the addition of sodium sulfite decreased the bleaching efficiency of the (ZEo) stage, showing a lower brightness and a higher DPv than the control pulp. This was related to a lower ozone consumption by the pulp. Indeed, ozone reacts way faster with the small sulfur-containing molecules (∼ 10 4 to 10 9 M.s -1 ) than with lignin (3.5 M.s -1 ) [14,49,50]:

HSO 3 -+ O 3 → HSO 4 -+ O 2 [51]
The addition of thiosulfate resulted in a pulp with characteristics similar to that of the Na 2 SO 3 -treated pulp but for a higher ozone consumption and even lower pulp brightness (Table 5.4). The strong effect of thiosufate on ozone quenching was not surprising since ozone has been shown to react faster with thiosulfate than with C=C unsaturated and saturated biomolecules [52] 

Effect of Na 2 S and Na 2 SO 3

Results obtained for addition of Na 2 S and Na 2 SO 3 were similar (Table 5.6). They differed with Na 2 S 2 O 3 results in that the ozone consumption was considerably lower than that obtained with the control pulp. Accordingly, both the brightness gain and the DPv loss were also lower, when compared to control pulp. This resembled the results obtained with addition of Na 2 SO 3 and Na 2 S 2 O 3 in the KO-A-DIM-Z(0.25%)Eo experiments (Table 5.4). The similar ozone consumption rates obtained for both sulfur salts despite the larger introduced O 3 /sulfur ratio of the Na 2 SO 3 experiment (Table 5.6) and their roughly identical ozonation rates at pH 2.5 [14] possibly indicated a greater loss of sulfur in the Na 2 S experiment when in acidic conditions via formation of H 2 S gas.

Effect of Na 2 S 2 O 3

The DPv loss was clearly smaller for sodium thiosulfate addition, despite showing the highest ozone consumption of the set (Table 5.6). This clearly evidenced that Na 2 S 2 O 3 quenched a large part of the introduced ozone. The RPE spectroscopy evidence for HO • radicals formation from the reaction of ozone on thiosulfate reported in a recent article [53] was therefore not observable here. Thiosulfate ions are more reactive and more accessible to ozone in solution, compared to packed cellulose chains. This explained the general decrease of ozone availability for the pulp (lignin and cellulose) when adding Na 2 SO 3 and Na 2 S 2 O 3 prior to ozonation.

Overall, results from (ZEo) experiments adding DOM and DIM showed that the recirculation of bleaching filtrates has no substantial impact on ozone bleaching but the use of POWL as an alkali source for the (Eo) stages may consume part of the ozone injected in the sequence. Hence, a minor increase of the ozone charge along the bleaching sequence must be considered. The maximum supplementary ozone charge needed to compensate for the introduction of DIM in the sequence has been evaluated to be 0.13 % (on o.d. pulp), for a total ozone charge of 0.63 %. On the other hand, the unexpected positive effect of Na 2 S on the ozone bleaching of pulp could pave the way for the use of raw WL as an alkali source. Indeed, an issue from using OWL could be the accumulation of sodium carbonate. In fact, it is common to use 1-2 % black liquor to catalyse the oxidation of white liquor, introducing Na 2 CO 3 in the process. The carbonate ion is an alkaline pH buffer that might increase the H 2 SO 4 demand for pulp acifidication prior to (Z). Moreover, the fact that HS -is the dominant form of (H 2 S/HS -) down to pH 6.9 might point out the soundness of implementing pH-neutral (Z) stages to avoid the loss of gaseous H 2 S as well as decreasing the H 2 SO 4 load. Another possibility would be to use the unreacted ozone from the (Z) stages to totally oxidise WL and then use the TOWL produced thereof as alkaline solution for the (Eo) and (P) stages. On the other hand, the lower PCN of BP-ZP compared to that of the TCF pulp A(ZEo)(ZEo)(ZP) (cf. Chapter 4) suggests that (P) is probably more efficient in stabilising the pulp brightness when the pulp entering (Z) is almost free of residual lignin, since hydrogen peroxide can be consumed by lignin degradation products from (Z) [54]. Therefore, both the ozone charge in (ZP) and the phenolic lignin content in A(ZEo) 1 (ZEo) 2 should be minimised in order to maximise the TCF pulp brightness and its stability for a definite total ozone charge. This way, ozone introduced in the final stage can react on unsaturated chromophores and residual muconic acid derivatives before the (P) stage targets residual carbonyl groups [55] and solubilises the ozone-degraded chromophores, as highlighted in Chapter 4.

Discussion

As long as hexA are present the total ozone charge should be split up evenly

The brightness gain in the two (ZEo) stages with increasing ozone charge was best described by a Brody function:

Brightness n = Brightness n-1 + A Br x (1 -exp -k x O 3 introduced )
where n is the rank of the (ZEo) stage, starting at n = 1 with (ZEo) 1 and n = 0 designating the starting pulp.

Model parameters and other relevant data are listed in Table 5.7. It was assumed that the maximum reachable brightness values by A-ZEo-(ZEo) 2 were the average of the maxima obtained for A-(ZEo) 1 and BP-ZEo series weighted on their respective initial lignin contents.

Interestingly, parameters "A Br " and "k" of the Brody functions describing the brightness evolution with the ozone charge showed a higher correlation with the starting pulp hexA content than with the lignin content (unshown here). From the two obtained regression lines could (ZEo) 2 would result in the highest brightness. Results reported in Table 5.8 showed that the ozone charge should be distributed evenly in order to maximise the brightness.

Although a lack of experimental data on (ZP) did not allow for a complete modelling of the TCF sequence, it is speculated that A-Z(0.2%)Eo-Z(0.2%Eo)-Z(0.1%)P would have resulted in a (slightly) higher brightness than the TCF 4 pulp A-Z(0.17%)Eo-Z(0.17%)Eo-Z(0.16%)P because of its lower phenolic lignin content prior to (ZP). 

The questionable need for a hot acid stage (A)

A rather limited effect A hot acid stage (A) applied with mild conditions can remove up to one third of the hexA present in HW kraft pulp without DPv loss [56]. Harsher conditions, ie lower pH and higher temperature and reaction time can provoke acid hydrolysis of the cellulose chains.

According to results from the literature, a DPv loss induced by acid hydrolysis would result in a critical paper strength loss, due to the heteregous nature of the degradation [57,58].

Hence, in a (A) stage even a slight DPv loss should be avoided to preserve paper strength.

Doing so, the maximum amount of hexA removable by (A) is limited. Hence, one can argue about the soundness of implementing an (A) stage in the TCFz sequence designed for this thesis. In Chapter 2, it has been shown that (A) limited the DPv loss for extended ozone charges introduced in the first ozone stage (ZEo) 1 . However, its effect on the brightness gain was limited, as illustrated in Figure 5.7. The highest brightness value was surprisingly obtained without an (A) stage, although this may be related to an additional bleaching effect coming from the higher amount of hydroxyl radicals generated [34,35,59]. Indeed, the higher hexA content in KO, compared to A pulp, would doubtlessly result in a greater formation of hydroxyl radicals appearing in (Z).

To calculate the brightness of any (ZEo) 1 (ZEo) 2 bleached KO and KO-A pulps it was necessary to be able to predict the amount of hexA eliminated by the (ZEo) stage, whatever the initial hexA content.

In all (ZEo) experiments, the hexA content decrease with introduced ozone was found to follow an exponential decay function:

hexA n = hexA n-1 -A HA x exp -O 3 introduced / t
where n is the rank of the (ZEo) stage, starting at n = 1 with (ZEo) 1 and n = 0 designating the starting pulp.

Hence, proceeding in the same way as with the brightness Brody function parameters A Br and k, the exponential decay parameters A HA and t were found to be linearly correlated with An assessment of the role of (A) was now possible via comparison with (ZEo) modelbased alternative TCF sequences. Indeed, in terms of hexA removal getting rid of (A) would only require an additional +0.06 % ozone in (ZEo) 1 (Figure 5.8). Knowing that this would have resulted in a parallel delignification, the actual increase of the total ozone charge in the (ZEo) 1 (ZEo) 2 sequence would be only of +0.04 % ozone to reach the same brightness level (Table 5.9). On the other hand, replacing (A) by another (ZEo) stage would decrease the total ozone charge needed (-0.03 %) for producing a pulp of similar brightness.

An easier effluent management without the (A) stage

The (A) stage presents two advantages which are an efficient metal ions removal [60,61] and its high reaction temperature allowing for its easy implementation after the (O) stage. However, the acidic effluent stream coming from (A) washer needs to be treated in the WWTP, thereby turning down any possibility for a full closure of the water recycling loop in the plant.

In the previous section, it has been predicted that a (ZEo)(ZEo) sequence would perform slightly less well than A(ZEo)(ZEo) (+10 % ozone). Alternatively, a (ZEo)(ZEo)(ZEo) sequence could be more advantageous in terms of ozone load reduction (-8 % ozone). In other words, the benefits from splitting the ozone charge in three (ZEo) stages instead of two are slightly larger than add a hot acid stage (A) to a sequence with two (ZEo) stages.

Removing (A)... and (P) as well?

If (A) is replaced by (ZEo), then OWL can be used as an alkali source in all the (Eo) alkaline stage. However, as hydrogen peroxide can react on thiosulfate, it may be necessary to completely oxidise the white liquor into totally oxidised white liquor (TOWL) by using harsher conditions in the white liquor oxidation unit [11]. This would de facto increases the production cost by requiring a higher energy input.

Perhaps it would be interesting to replace the (ZP) stage by another (ZEo) stage. However, by looking at the greater improvement of brightness and brightness stability in BP-ZP pulp compared to BP-ZEo in Chapter 4 it seems that replacing (ZP) by (ZEo) in the TCF sequence would probably require an excessive amount of ozone to reach a somewhat lesser final brightness. Hence, albeit the (A) stage does not look mandatory the (P) stage seems invaluable and it would probably be wise to keep it as the final treatment in the TCF sequence developed in this thesis.

Closing the loop: accumulation of non-process elements and the need for process "kidneys"

Non-process elements (NPEs) are unwanted inorganic and organic molecules that come mainly from wood chips but also from other sources such as bleaching chemicals, recycled effluent and process water, for instance [62]. They tend to accumulate in kraft mills with a high degree of closure and provoke technical issues such as increased lime kiln fuel use, reduced filtration efficiency, reduced lime mud settling, and increased scaling of heat exchangers [63].

NPEs can also perturbate bleaching stages, especially (P) because hydrogen peroxide is very sensitive to transition metal ions [2].

NPEs are usually eliminated in some spots of the process, named "kidneys" [64]. Due to their interactions with metals, the (A) and (P) stages would be relevant kidneys for this thesis TCF bleaching sequence in a zero-recycling scenario. On the other hand, soundness of a (A) stage implementation has been questioned (cf. 5.3.2). Also, using TOWL in (ZP) would permit a close to 100% decrease of the NaOH load in the sequence yet a full recycling of the bleaching effluent of a ZEo-ZEo-ZEo-ZP sequence will probably generate NPE-related issues.

Another issue could arise from the introduction of sulfate ions when acidifying the pulp prior to (Z). Indeed, most of the sulfate will end up in the washing streams and back to the recovery furnace. In order to keep the mill sulfur balance, sulfate added in (Z) stages should not represent more sulfur than sulfur lost in the mill chemical recovery loop. Grace & Malcolm [65] reported an average loss of 0.5 kg of sulfur per ton of pulp in the kraft mill. About 3.9 kg of sulfur per ton of pulp is introduced in the three (Z) stages of the TCF bleaching sequence.

Hence, in a real-case scenario, a partial discharge of the bleaching effluent via kidneys would still be preferable. The implementation of neutral-pH ozonation stages may also be considered.

Economical evaluation of the TCF bleaching sequences

Base case scenario: no effluent recycling ECF versus main TCF sequence

The DEpDD and A(ZEo)(ZEo)(ZP) bleaching sequences presenting the same number of stages, they represent a similar capital investment (infrastructures and equipment). Although ozone bleaching mixers are usually more expensive than their chlorine dioxide counterpart, their price is still negligible compared to that of the washers [66]. On the other hand, the price of the bleaching chemicals represents a significant fraction of the production costs and can exhibit large differences between sequences. Here, the employed chemicals costs were kindly provided by Fibre Excellence Saint-Gaudens, with the exception of H 2 SO 4 and MgSO 4 (heptahydrate) which were found on https://www.echemi.com/.

The chemical cost of the main TCF sequence without effluent recycling is slightly less than that of the ECF (€/odt), as detailed in Table 5.10. A weakness of the TCF sequence is its high reliance of pure caustic soda. This chemical has been subject to great price variations in the recent years. 

Alternative sequences

The two alternative TCF sequences without an (A) stage (Table 5.9) are compared to the main ECF and TCF reference sequences in Figure 5.9. Replacing (A) with (ZEo) or simply remove it increases the cost of the sequence due to the added NaOH and O 3 in regards to the low cost of sulfuric acid used in (A). However, in the case of the (ZEo)(ZEo)(ZP) sequence the calculations do not take into account the benefits from decreasing the number of bleaching stages ie. savings on heating and energy. Furthermore, this 3-stages sequence would offer a significant advantage in investment cost. From Table 5.4 data, an addition of 0.75 % thiosulfate results in a 9.6 % brightness loss for the KO-A-Z(0.25%)Eo stage, compared to control pulp. This 0.75 % thiosulfate addition consumes about 0.15 % of ozone in that stage. Simply extrapolated to the second ozone stage (ZEo) 2 and final stage (ZP) of the A(ZEo) 1 (ZEo) 2 (ZP) bleaching sequence, this relation gives an estimation of +0.08 % total ozone needed in the whole sequence to compensate for the introduction of thiosulfate when using POWL as an alkali source. This results in a total ozone charge of 0.58 %.

In (ZP) pure caustic soda solution or TOWL should be used since unwanted oxidation of thiosulfate by hydrogen peroxide would occur if POWL was used as alkali source in (P).

Replacing NaOH by OWL

The use of OWL as an alkali source would represent a huge economical gain for the mill since the white liquor costs virtually nothing as it is recycled back to the kraft process in a closed loop, and about 99 % of the white liquor is reconstituted. This clearly decreases the chemical cost of the three TCF bleaching sequences compared in Figure 5.11. Effluent recycling is more benefical to the (A)-free sequences (ZEo)(ZEo)(ZP) and (ZEo)(ZEo)(ZEo)(ZP), due to their higher reliance on alkali than A(ZEo)(ZEo)(ZP).

However, the additional ozone required when introducing POWL yet somehow lessens that gain (blue bars), compared to the scenario using ozone-inert TOWL as alkali source (purple bars). Overall, use of oxidised white liquor definitely makes the TCF sequences way more competitive than the ECF. The sequence presenting the lowest cost is Z(0.13%)Eo-Z(0.12%)Eo-Z(0.12%)Eo-Z(0.1%)P, although Z(0.26%)Eo-Z(0.18%)Eo-Z(0.1%)P also seems profitable with its reduced number of bleaching stages.

Replacing NaOH by raw WL

Another possibility enabled by the bleaching effect of Na 2 S introduced in the (Z) stage would be to directly use raw WL as alkali source in the TCF sequence. However, part of the H 2 S could be lost in the gaseous phase thus disrupting the sodium/sulfur balance of the kraft process. The major issue coming from the generation of H 2 S is its accute toxicity. Finally, the positive effect of Na 2 S on the brightness gain in ozone stages could be somehow counterbalanced by its conversion to sulfite and thiosulfate in the (Eo) stage. Perhaps simple (E) stages would perform better than (Eo) stages when looking at the whole bleaching sequence.

Yet, using raw WL would allow for a decrease of the capital cost for the mill because no WL oxidation unit would be required in that case. Also, performing ozone bleaching stages at neutral pH will decrease the sulfuric acid demand and the amount of sulfate introduced in the sequence thereof. Assessing the potential of using raw WL in neutral pH (ZEo) or (ZE) stages in an optimised TCF bleaching sequence could be interesting to decrease both the sulfuric acid and white liquor demand in the sequence while keeping it cost-efficient and safe. 

Chapter conclusion

The possibility for closing the water recycling loop with a recirculation of ozone bleaching filtrates and the use of oxidised white liquor as alkali source was investigated.

Filtrates from Z(0.5%)Eo and Z(1.5%)Eo bleaching of (A)-treated unbleached kraft+O pulp "KO-A" were introduced into another KO-A pulp sample prior to a Z(0.25%)Eo stage, in order to represent the contamination of pulp with organic matter dissolved in the washing liquor occurring in a real-case effluent recycling scenario. This had no effect on the pulp brightness and carbohydrates DPv. Also, the Kappa number was not susbtantially changed compared to the control pulp.

The sulfur model-compounds sodium sulfide (Na 2 S), sulfite (Na 2 SO 3 ) and thiosulfate (Na 2 S 2 O 3 ), the main constitutents of oxidised white liquor, were added in the Z(0.25%)Eo bleaching of KO-A pulp. These salts inhibited the DPv loss. They also constrained the brightness gain, except for Na 2 S that unexpectedly improved it. After a similar trial with Na 2 S performed at higher pH, it is speculated that the peculiar bleaching effect of Na 2 S is due to the formation of a sulfinic peracid intermediate reported in the literature. Addition of the sulfur salts prior to the Z(1%)Eo treatment of fully-bleached pulp showed that ozone was readily consumed by the introduced sulfur, thus explaining the mitigated DPv loss and decreased brightness gain in trials performed on both unbleached and bleached pulps.

Using the quantitative models for hexA and lignin contents developed in Chapter 2, an optimisation of the total ozone charge distribution in the A(ZEo) 1 (ZEo) 2 (ZP) sequence has been suggested. To reach the highest brightness with a given amount of ozone, all the phenolic lignin should be removed prior to (ZP) so that this final stage can focus on eliminating both residual C=C unsaturations and carbonyl groups on carbohydrates. Additionally, simple ozone bleaching models indicated that the ozone charge should be split up evenly in the two first ozone stages (ZEo) 1 and (ZEo) 2 in order to maximise brightness development. Then, new predictive models based on the effect of (ZEo) on both hexA removal and pulp brightness gain allowed for the assessment of the role of (A) in the TCF bleaching sequence. It was shown that replacing this hot acid stage by another (ZEo) stage would probably allow for a decrease of the total ozone demand in the sequence.

The cost evaluation of the ECF and TCF bleaching sequences proved that the latter would represent a slightly lesser chemical cost for the mill. However, the possibility enabled by TCF sequences for recycling (ZEo) filtrates back to the recovery furnace allows for the use of (virtually free) oxidised white liquor in place of caustic soda in these stages. Totally oxidised white liquor would allow for even higher savings than partially oxidised white liquor due to the enabled recycling of (ZP) bleaching filtrate. However, accumulation of sulfate and other non-process elements in a sequence with high degree of effluent recycling will probably be a problem. Hence, use of (A) or (ZP) stages as process kidneys in partial recycling scenarii should be considered. Finally, the potential bleaching effect of Na 2 S in (ZEo) stages that has been observed could make viable the use of raw white liquor as alkali source, thereby decreasing even more the capital and production costs for the mill. However the operating conditions should be adapted to avoid the release of H 2 S. Introducing ozone in neutral-pH (Z) stages could be a solution.

of the 100 mL glass bottle. Then, the temperature of the heating bath is set so the temperature of the pulp suspension reaches 40 °C. After 15min temperature is stabilised and the 100 mL glass bottle containing the pulp suspension and reagents is immersed in any of the reactors.

The reactor is closed with the cap. In the meantime, the stirring is set on 200 rpm and the timer set for a 24h reaction time.

This system allowed for 4 simultaneous enzymatic hydrolysis with constant stirring and temperature. After 24h, the glass bottle is taken off the reactor and rapidly plunged into boiling water for 10 minutes. After this, the bottle is cooled down in an ice bath for 1h before undergoing the regular washing process. Hydrolysed samples are then air-dried prior to storage.

For the (C endo ) treatment a pure endo-1,4-β-D-glucanase (Aspergillus niger) was purchased from Megazyme. The same procedure was employed but using a citrate phosphate buffer (pH 5.3) and a reaction temperature of 55 °C.

Cold Caustic Extraction (CCE)

The cold caustic extraction was performed in a water bath set a 25 °C, and a reaction time of 30min. 2 g of o.d. pulp are introduced in a PET bag along with precise amounts of NaOH (15 % stock solution) and DEI water to reach 5 % PC. The bag is kneaded for 1 min prior to immersion. The pulp is washed thoroughly after the reaction is complete.

Other reactions

With the exception of (B) and (Ebc) treatments described further on, all the other reactions ((A), (D), (E), (P), (H), (Epc)…) were performed in PET bags. DEI water and chemicals are added to the pulp and the PET bag kneaded by hand for 2 minutes before going into a heated water bath. At half the duration of the reaction, samples are taken off the bath and kneaded again, then replaced in the bath. All the chemicals quantities presented in this thesis are expressed as % wt./wt. of pulp (o.d. basis).

Chemical characterisations 6.3.1 Kappa number

Determination of residual pulp lignin is very important for pulp producers. It indicates the degree of delignification obtained by the kraft cooking and is uses as both a mean of comparison for many of the pulping results such as the yield, screenings, pulp brightness etc., but also for regulating the process control in the mill. The kappa number, KN, represents the amount of residual lignin in the pulp. For kraft pulp the relationship between the KN and lignin content is:

Lignin (%) = 0.147 x KN KN determination can be performed for both unbleached and semi-bleached pulps. It is the result of a iodometric titration: potassium permanganate KMnO 4 is used to oxidise residual lignin and the excess (unreacted) KMnO 4 is titrated. The followed standard was ISO 302 [1].

For semi-bleached pulps with KN values below 10, the micro-kappa protocol was used.

The micro-Kappa number, µ-KN, is defined as the number of mL of 0.05N KMnO 

µ-KN = (V 1 -V 2 ) x 0.05/0.1 x D/W
Where, V 1 is the volume of the potassium permanganate solution consumed (mL) V 2 is the volume of the sodium thiosulfate solution consumed in the blank test (mL), D is the correction factor to 50 % permanganate consumption, and W is the weight of pulp (o.d. basis).

HexA content determination

HexA were measured by the Centre Technique du Papier (CTP), Grenoble, following the Tappi standard T 282 pm-07 [2] based on the method developed by Chai et al. [3] on bleached pulp.

Viscosity-based average "DPv" of carbohydrates

Standard followed: ISO 5351-1 [4] The average degree of polymerisation (DP) of cellulosic samples can be obtained throughout a viscosity measurement of the pulp solution. In that case, it is noted DPv, "v" standing for "viscosity". Viscosity measurement is very relevant to know to what extent the pulp is degraded after the cooking and bleaching processes.

According to the followed standard, the equivalent of 250 mg of dry pulp is dissolved in 0.5 M cupriethylenediamine (CED) solution, and the viscosity is determined in a capillary viscometer immersed in a 25 °C water bath. The issue with this method is that pulps with oxidised groups, such as carbonyl groups, will see their viscosity decrease due to the use of CED that is able to depolymerise the cellulose chains on these specific sites. The sodium borohydride reduction method mitigates this adverse effect, and is detailed in section 6.3.5.

SEC-based average "DP r " of carbohydrates

The whole SEC system is from Malvern company and the data collection software is Om-niSEC. System details:

-Pump and injection parts: Viscotek GPCmax VE 2001 GPC SOLVENT/SAMPLE MODULE.

-Four colomns Chrom Tech.

- Prior to injection into SEC system, samples had to be dissolved in DMAc / LiCl (8 %) according to a procedure adapted from that of Dupont et al. [5], and given in Appendix C. It is to be recalled here that all the samples analysed in the SEC system have been fully bleached prior to to injection, using a holocellulose (Hol) treatment if needed, as described in the section below.

Pretreatments

Holocellulose (Hol)

For O-delignified and other semi-bleached pulps, DPv and DP r determination were done after removal of the residual lignin by sodium chlorite (ClO A modified procedure using twice less sodium chlorite (ie. 10 mL) was used when handling non-fully bleached pulps such as pulp partially bleached with a mild (Z) or (H) stage. The reduced amount of chlorite is justified by the fact that the original procedure was meant for treating unbleached (kraft) pulp and it has been reported that in the absence of lignin a high amount of ClO 2 -at 70 °C can provoke a non-negligible cellulose depolymerisation [6].

Sodium borohydride reduction (B)

All the pulp samples that have been treated with ozone or sodium hypochlorite (in (Z) and (H) stages, respectively) have been treated with sodium borohydride NaBH 4 for reduction of the CO groups introduced on the carbohydrates, prior to DPv determination.

The following procedure was used: 2 g o.d. of pulp are placed in an Erlenmeyer. DEI water is added to reach 2 % PC. Then, Na 2 CO 3 is introduced to reach pH ≈9, under continuous stirring at 500 rpm. Finally, 1 % NaBH 4 are added as quickly as possible to avoid excessive β-elimination reactions, and the Erlenmeyer sealed with parafilm. After 2h of reaction, the pulp is washed and air-dried for further use.

Optical characterisations 6.4.1 Brightness

Pulp brightness was measured on pulp handsheets following the ISO 3688 [7] standard. For the bleaching sequences performed in the lab, the final brightness value was also measured after addition of SO 2 . 2 g of o.d. pulp are diluted in 170 mL of DEI water. 10 mL of saturated SO 2 solution are added and the suspension stirred for 10 minutes before handsheet formation. 6.6 Computational

Brightness stability

Softwares

MMDs were obtained on OmniSEC software, and exported as .txt files to Microsoft Excel for data handling. In addition to a Savitzky-Golay smoothing (on 50 points), MMDs were further smoothed with a (100 points) moving window average. GPC and UVRR peak deconvolutions were performed on SciDAVis, as well as all the data plots. Flowsheet diagrams were drawn on yEd graph editor. Chemical reaction mechanisms were produced on (licensed)

ChemDraw. The represented tables and this manuscript were produced on L A T E X.

Deconvolution

Data are imported on SciDAVis as .txt files where they can be deconvoluted. Three deconvolution models have been used in this thesis: a double or triple Gaussian function, a pseudo-Voigt function which is a linear combination of the Gaussian and Lorentzian functions, and a parabolic-Lorentzian modified Gaussian model [36]. For SEC, a VBA macro has been designed to extract relevant data from the OmniSEC .txt file prior to analysis on SciDAVis.

Area under the Curve (AuC)

AuC were calculated via the SciDAVis software, using a non-rounded Akima interpolation (Wodicka algorithm).

General conclusion

Cellulose depolymerisation occurring during the ozone bleaching of oxygen-delignified kraft pulp is homogeneous within the fibres and introduce no local defects. A homogeneous degradation of the cellulose microfibrils results in preserved fibres and paper strength despite the decrease of the cellulose average degree of polymerisation (DPv).

Results obtained in this thesis demonstrate the technical and economical soundness of a modern TCF bleaching sequence A(ZEo) 1 (ZEo) 2 (ZP) for production of paper grade pulp from hardwood oxygen-delignified kraft pulp. The TCF sequence was trialed with various ozone charges in order to mitigate the DPv loss. A pulp bleached to the same brightness level as that of a conventional (ECF) DEpDD-bleached pulp was produced in a sufficient quantity so that its mechanical properties could be assessed. In spite of a 17 % lower DPv than the ECF pulp, the TCF pulp showed equivalent mechanical quality. It was observed that the DPv loss occurring in the TCF sequence was mainly induced by the second (ZEo) 2 stage, whatever the lignin and hexenuronic acid (hexA) contents of the entering A(ZEo) 1 pulp or amount of ozone introduced. This DPv drop was tentatively associated with a loss of long cellulose chains forming the fibre core. In fact, a size exclusion chromatography (SEC) analysis confirmed the shrinking core model followed by the ozone reaction within pulp fibres that had been proposed in the literature. For large ozone doses, the repeated formation of free radicals around lignin and its ozone-degradation products (muconic and oxalic acids) would provoke an extensive degradation of the fibre surface. Hence, avoiding unnecessary reactions between ozone and these oxidised lignin moieties is preferable. This is ensured by the multi-stage ozone bleaching sequence. The result is a homogeneous degradation of the fibres (surface + core) thus preserving their strength, in contrast to other chemicals (acid, cellulase) provoking a localised degradation and an associated dramatic strength loss. This conclusion is the result of a SEC analysis of pulp degradation sets by various chemicals and never-dry zero span tensile strength measurements performed in this thesis.

Thanks to UV Resonance Raman spectroscopy (UVRR) measurements it was possible to assess the effect of each stage of the TCF bleaching sequence on the lignin and hexA removal. It appeared that at equal delignification, (ZEo) 2 discoloured lignin more than (ZEo) 1 .

Although the positive effect of ozone on pulp brightness is known, it does not explain why the TCF pulp produced in this thesis has a more stable brightness than the commercial fullybleached ECF pulp. A UVRR analysis of the two pulps showed that the ECF pulp contained In a final part, the possibility of ozone bleaching effluent recirculation into upstream ozone bleaching stage, brownstock washing and finally burning in the recovery boiler was investigated. The effect of the organic matter extracted by (ZEo) was negligible when reintroduced in another (ZEo) stage, ozone reacting preferably with lignin within the fibres than with the organics in solution. In fact, no brightness loss was observed when recycling the (ZEo) bleaching filtrate. However, a source of ozone consumption that had never been assessed before was that represented by inorganic sulfur salts present in white liquor. In a effluent recycling scenario, the caustic soda in the bleaching sequence could be replaced with the kraft cooking liquor thus decreasing the sequence cost. Ozone being capable of reacting with most sulfur species in white liquor or oxidised white liquor, it was necessary to explore how each of these species could decrease the ozone bleaching efficiency in the (ZEo) stage. Results indicated the detrimental role of bisulfite and thiosulfate in oxidised white liquor on the ozone consumption. Sodium sulfide, the major compound in white liquor, was shown to improve the pulp brightness despite consuming part of the introduced ozone. This could pave the way for the development of TCF bleaching sequences with pH-neutral ozone stages. Finally, the economical assessment of the main TCF sequence and of some attractive alternatives demonstrated their competitiveness when compared to the conventional ECF. The cost in chemicals of the TCF sequences was generally lower than that of the ECF. When taking into account the recycling of the (ZEo) stages and using totally oxidised white liquor as an alkali source the cost of the A(ZEo)(ZEo)(ZP) sequence decreased by a four-times fold.

The new insight brought by this thesis points out the potential of well-designed TCFz bleaching sequences to replace ECF as the best available technology (BAT) in the bleaching of cellulosic fibres. The claim that ozone would not allow for obtention of pulp with sufficiently high brightness and mechanical properties is not valid. In a context of quickly growing environmental concerns, stricter regulations regarding water pollution are likely to be implemented. Pulp & paper companies will probably have to drop chlorine dioxide in the near future.

Although being considered as the BAT today, ECF bleaching could be more appropriately defined as a "technology lock-in". This is a form of economic path dependence whereby the market gets locked-in or stuck with a technological standard even though there are existing cheaper -and sometimes more environmental-friendly -alternatives. The best alternative here is TCFz bleaching with ozone being seemingly the best bleaching agent in improving both bleached pulp quality and kraft mills environmental footprint. reported for highly substituted quinones such as duroquinones [8] and naphthoquinones [9].

So the culprit for the 1652 cm -1 detected peak could indeed be various quinonoid structures.

The fact that the two "new" peaks were observed almost exclusively for KO-ZEo pulps, and not A-ZEo, somehow pointed out that the two related moeties were issued from the (ZEo) effect on hexA in the starting pulp. HexA degradation products with C=C unsaturations, such as furoic acid, have been reported for acidic reactions. Another possibility is the higher amount of hydroxyl radicals formed in the vicinity of hexA during the (Z) stage. Action of free radicals on both lignin and carbohydrates would possibly generate quinones within the (Eo) stage.

Another result indicated that the unknown moiety at 1652 cm -1 1 came from oxidised carbohydrates. When applying (ZEo) on the fully-bleached pulp BP (Figure 6) with an amount of ozone as low as 0.15% on o.d. pulp, all the residual unsaturations in BP have been eliminated. For higher doses, the carbohydrates have probably been oxidised by direct action of ozone. Region III of BP-Z(1%)Eo spectrum presented higher Raman intensities for the C=O bands [1660 -1750 cm -1 ] with a maximum intensity around 1648 cm -1 . The NaBH 4 treatment seemed to lower this peak. This would be in agreement with the reduction of quinones and the subsequent solubilisation of the hydroquinones formed thereof. Some quinone derivatives presented on Figure 7 have been previously identified as potent chromophores in Lyocell fibres by Rosenau et al. [10]. These chromophores would arise only after a harsh oxidation of pulp carbohydrates. These moieties could be responsible for the appearance of the peak detected at about 1647-1652 cm -1 . Second hypothesis: oxidised carbohydrates chain ends Another highly probable culprit was identified as oxidised carbohydrates chains with newly introduced CO groups in the (Z) stage leading to β-elimination in the (Eo) stage (Figure 8).

This pathway results in new carbohydrates chain ends presenting a structure very similar to that of hexA, only showing an aldehyde group in place of the hexA typical carboxylic acid.

Identified in aged cellulosics by Calvini & Gorassi [11], this structure may be the main culprit for the band showing at 1652 cm -1 . Its aldehyde function could also be attributed to the 1695 cm -1 .

Although highly substituted quinones could also play a role, the main culprit is suspected to be the carbohydrates chains oxidised by free radicals formed around lignin and hexA C=C unsaturations during the (Z) stage, and subsequent β-elimination in the (Eo) stage. Thiosulfate is singular since it possesses two sulfur atoms with different oxidation states.

In acidic media, the thiosulfate ion slowly undergoes the disproportionation reaction:

S 2 O 3 2-+ 2 H + → S + SO 2 + H 2 O [25]
Additionally, thiosulfate is a reductant that, like H 2 S, follows a quasi-second order reaction with oxygen [26,27] with a reaction rate of 7.8 x 10 1 M -1 .s -1 for aqueous aerial oxidation:

S 2 O 3 2-+ 3 O 2 + H 2 O → 2 SO 2 2-+2 OH -[27]
The reaction usually needs a catalyst to achieve sufficient conversion to sulfate [28]. Thus, both H 2 S and S 2 O 3 2-oxidation by oxygen before entering the (Z) stage are negligible.

DIM reactions with ozone in aqueous acidic media

Ozone can react with all three DIM model-compounds used in this thesis (cf. Chapter 5).

The reaction with H 2 S was supposedly:

H 2 S + O 3 -> SO 2 + H 2 O [29, 30]
However, the final reaction product is sulfate SO 2 2-and the stoichiometrics initially proposed were not compatible with that of the ozone-oxidation of SO 2 formed as an intermediate. The explanation for this anomaly would be the formation of the sulfinic peracid anion HS(O)OO -intermediate, with a possible action of sulfur-centered free radicals as well [31].

As a reminder, the ratio for (H 2 O.SO 2 / HSO 2 -/ SO 3 2-) is [0.16; 1; 3.2 x 10 -5 ] at pH 2.5 and 25 °C. The reaction rates for ozone with these species are [2.4 x 10 4 ; 3.7 x 10 5 ; 1.5

x 10 9 ; M -1 .s -1 ] [32]. Thus, the dominant reaction of S(IV) with ozone is with HSO 3 -, and a possible balanced equation is:

HSO 3 -+ O 3 → HSO 4 -+ O 2 [32]
Generation of radicals during the reaction of ozone with S(IV) (either SO 2 , HSO 3 -or SO 2 2-) has been the subject of debate for decades. Some authors suggested mechanisms involving free radicals [33,34,35] while others proposed an electrophilic displacement resulting in a simple O-transfer from O 3 to S(IV) [36]. Later works settled this debate by proving the first mechanism wrong [37,38].

Still, chain reactions involving HO • radicals and the subsequent formation of multiple sulfur-centered radicals have been reported by many authors [39,40,41,42,43], and that possibility cannot be discarded. In their state-of-the-art on sulfite oxidation, Ermakov et al.

[21] declared: « sulfite oxidation by ozone leads to the conclusion that, in spite of a great number of studies, the mechanism of this reaction remains unclear ». Bring all the materials back under the fume hood to perform the mixing.

Complete the flask to the line with pure DMAc. Degas the solution with nitrogen then close the flask with the stopper. Add a magnetic bar and stir the mixture for at least 2 h at ~500 rpm. The final mixture should be clear and viscous. Transfer the content of the flask in a acetone-dried 100 mL glass bottle before degassing with nitrogen and storing the closed bottle (with threaded cap) in a ventilated cupboard. It can be kept for several days provided it is systematically degassed after each handling or every three samples to limit the influence of contamination by water present in the air.

N.B. :

It is recommended to prepare the DMAc / LiCl (8 %) solution a day before the dissolution step. DMAc density is 0.94 so the prepared solution is closer to 9 % w / w than 8 %. The weighed mass of LiCl is greater than 8 g to ensure there is at least 8 g of dry LiCl in the mixture which is the best concentration for dissolution of cellulose (Dupont, 2003). LiCl easily sticks to the walls of a glass or plastic funnel, which is why a paper funnel is used (e.g. a third of A4 printing sheet or weighing paper). When preparing the DMAc / LiCl (8 %) solution, it is not important to pour the DMAc exactly up to the marked line on the flask: the volume can be adjusted the same day of the dissolution, when the LiCl is almost completely dissolved. In that case, just leave the stirring on until the mixture stabilizes. If the mixture is cloudy, use a heating magnetic stirrer at 40°C until solution clears up. Store the flask in a ventilated cupboard. It can be kept up to three days for sample dissolution purpose. After this, old DMAc/LiCl (8 %) solutions can be reused as solvent for the chromatograph. It is important to degas the solvent once it is diluted to avoid getting a noisy signal (specifically, the baseline) in GPC due to the presence of water that creates a discrepancy between the solutions present in the two cells of the refractometer.

Note: as aforementioned, an old solution of DMAc/LiCl (8 %) can be used to make the 0.5 % solvent run.

2) Sample drying

If the cellulosic sample to be analyzed has a consistency lesser than 90 %, it has to be air-dried before disintegration with the Forplex device. 2 g OD (oven dry) are enough for determination of its consistency and for SEC analysis. Tear down the samples to pieces to air-dry at room temperature for at least 48 h for stabilization. If the available mass of sample is less than 2 g OD, assume its consistency is 93 %.

3) Activation a) Disintegration

Grind the previously air-dried sample with the Forplex disintegrator according to MOP-418-MG. Make a consistency measurement on at least 1 g OD of pulp, which represents roughly over a half of the total sample mass. Note the value, seal the sample in a sealed bag and store it in the fridge (or freezer), or proceed directly to its activation.

Note: knowing the exact consistency and injected mass of cellulosic material allows one to obtain the actual dn / dc value. This way it will be possible to make a table of dn / dc values for different types of cellulosic samples in order to improve future molecular weight distributions measurements.

Using the analytical balance, weigh exactly a definite weight in between 10.0 mg and 10.8 mg of grinded sample. Store away the remaining sample material in a sealed bag in the fridge (or freezer). Then, put the weighed disintegrated fibers in a 4 mL vial. Fill it up to the neck with Milli-Q water. If the sample has been properly grinded there should be no flakes in the suspension. This step is a way to simultaneously wash the sample and check if it has been properly grinded.

b) Fibers swelling

Filtrate the sample suspension using the filtration set up. First place the filtration membrane on the grid before turning on the vacuum pump. Pump must stay on until fibers retrieval for each step of the solvent exchange (steps b), c) and d)). An empty trap must be connected to the pump to avoid unwanted condensation of chemicals into the pump. Pour the watery sample into the glass funnel using Milli-Q water so no fibers are left in the vial and on the glass funnel walls. Cautiously collect all the fibers with tweezers. The best method is to make a little ball with the fibers and use it as a tampon to collect all the fibers stuck on the funnel walls. Put the fibers and a magnetic bar in a 4 mL vial and fill it with Milli-Q water. Shake the vial to loosen the fibers as much as possible and stir at 500 rpm for 2 h. Clean the glass funnel and the tweezers thoroughly with distilled water and ethanol. Then dry them with Kimtech paper to leave no trace of water.

c) Methanol drying

As in the previous step, filtrate the fibers. Rinse the vial with Milli-Q water and dry the cap with Kimtech paper if necessary. Rinse the fibers with methanol by putting 2 x 1mL methanol in the vial, using a micropipette, and pouring it into the funnel. Again with methanol, pour 3 x 1 mL onto the walls of the glass funnel and finally 2 x 1 mL directly on the fibers on the membrane to dry them completely. Recover all fibers, as described in the first stage. Rinse the membrane with methanol if the Teflon membrane dries out and becomes white otherwise it is impossible to distinguish the fibers from the membrane with the naked eyes. Put the fibers in the 4 mL vial, filling it with methanol. Shake the vial to loosen the fibers as much as possible and stir at ~500 rpm for 1 h. Clean the glass funnel thoroughly with distilled water and ethanol, then dry it with Kimtech paper.

d) Solvation in DMAc

Proceed as previously: filtrate the methanol off with the filtration set-up. Rinse the vial with 3 x 1 mL methanol to recover all the fibers from the vial. Rinse the vial with Milli-Q water, then ethanol, before drying them totally with Kimtech paper. Rince the glass funnel with 3 x 1 mL DMAc, and 2 x 1 mL directly on the membrane. Recover all fibers, as described in the first stage, and put them in the vial, adding pure DMAc. Shake the vial to loosen the fibers as much as possible and stir at 200 rpm overnight. A specific authorization for work outside opening hours, to be requested, is required, signed by the director of Pagora INP and the director of LGP2 (FOR-115-MG). Clean the glass funnel thoroughly with distilled water and ethanol, then dry it with Kimtech paper.

Note: use one Teflon membrane per sample, for the three stages of the solvent exchange process. The membranes are stored under the fume hood between two sheets of paper. Under the suction of the fumehood it is possible to lose a significant amount of fibers by trying to recover all the fibers remained on the neck of the glass funnel. In this case, it is better to leave a very small amount of fibers on the funnel. The DMAc used in the last step must be degassed with nitrogen, if possible the day before manipulation, and every three samples solvation.

4) Dissolution

As for the previous steps, filtrate the solvated sample. Use 2 x 1 mL of DMAc to rinse the vial. Then, use 3 x 1 mL to rinse the the glass funnel walls and 2 x 1 mL directly on the fibers. Recover all the fibers and place then carefully onto the bottom of the vial, without touching the walls this time. Reverse pipette 1 mL of DMAc / LiCl (8 %) solution on the bottom of the vial. Do not shake the vial, the mixture must remain still at the bottom or some fibers will stick to the wall and will not be dissolved. Stir the mixture at 200 rpm for 1 to 7 days, depending on the sample. A specific authorization for work outside opening hours, to be requested, is required, signed by director of Pagora INP and director of LGP2 (FOR-115-MG). Clean the glass funnel thoroughly with distilled water and ethanol, then dry it with Kimtech paper.

5) Injection a)

Reverse pipette 3 mL of pure DMAc to the sample that was dissolved in DMAc / LiCl (8 %). Stir at 200 rpm until homogenization is complete (one visible phase). b) Again by reversed pipetting, add 1 mL of the diluted solution in a clean and dry vial and add 3 mL of pure DMAc. Stir at 200 rpm until homogenization is complete (one visible phase). This way, our dissolved sample is diluted into a DMAc / LiCl (0.5 %) mixture, ready for SEC analysis. c) Filtrate 1.5 mL of the solution with a syringe filter of 0,45 µm porosity into a 1.5 mL chromatography vial. The sample is now ready for SEC injection.

6) Cleaning

All the used glassware must be washed with water and detergent, and finally with distilled water. Glassware that has been in contact with methanol and DMAc must be rinsed with acetone and distilled water (in that order). Workbench must be thoroughly cleaned, and equipment such as the vacuum pump and filtration setups must be stored appropriately. The experiment is considered over only once the glassware is dried and stored.

7) Data analysis

To analyse the MWDs, please refer to Biochip file "OMNISEC user guide for MWDs data analysis".

(2018). Récupéré sur Merck: https://www.merckmillipore.com/FR/fr/product/Glass-Microanalysis-Filter-Holders,MM_NF-C164?ReferrerURL=https%3A%2F%2Fwww.qwant.com%2F Abstract: This study intends to explain the difference in brightness stability between hardwood ECF and TCFz kraft pulps bleached by DEpDD and A(ZEo)(ZEo)(ZP) sequences respectively, using UV Resonance Raman (UVRR) spectroscopy. The brightness stability of the pulps was tested via dry aging experiments where the Post-Color Number (PCN) of the ECF pulp was twice that of the TCF pulp. The aged and non-aged bleached pulps were analyzed with UVRR spectroscopy to identify the cause of the large difference in PCN. The spectra of ECF and TCF bleached pulps presented clear differences in the intensities of the Raman shifts associated to lignin, lignin-like compounds, and degradation products such as muconic acids. To identify more specifically the compounds affecting the PCN, several post-bleaching treatments were applied on the ECF pulp including single stages (E, B, P, Z) or combinations (ZE, ZB, ZP), and their UVRR spectra analyzed. It was found that alkaline-soluble compounds were the main culprits for the difference in PCN values between ECF and TCFz pulps. ZP combination was the most efficient in eliminating residual lignin and other unsaturated components and for the development of brightness and brightness stability.
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Introduction

Totally Chlorine Free (TCF) bleaching sequences using ozone, or 'TCFz', may offer several advantages when compared to conventional Elemental Chlorine Free (ECF) sequences (Bajpai 2010). Among them, a reduced chemical cost resulting from the high reactivity of ozone with lignin. However, TCF bleached pulp has often been thought to exhibit low brightness and poor brightness stability. When bleaching solely combines oxygen and hydrogen peroxide (H 2 O 2 ), this has been explained by incomplete delignification [START_REF] Lancaster | The effect of alternative pulping and bleaching processes on product[END_REF]). But, that fact has never been substantiated regarding TCFz pulps. According to literature contradictory conclusions may be drawn: while chlorine dioxide reacts primarily with free phenolic groups (Brage et Recent work on TCFz bleaching of dissolving pulp not only confirmed this trend but gave additional information on the bleaching efficiency of ECF and TCFz sequences by means of UV Resonance Raman (UVRR) spectroscopy (Perrin et al. 2017). A gap between Raman spectral intensities of ECF and TCFz dissolving pulps of the same brightness was found, indicating that the ECF bleached pulp would contain more aromatics and other unsaturated substances. In fact, UVRR spectroscopy has been used to detect the presence of residual lignin and hexA in pulp [START_REF] Agarwal | FT-Raman spectroscopy of wood: identifying contributions of lignin and carbohydrate polymers in the spectrum of black spruce (Picea Mariana)[END_REF][START_REF] Halttunen | Study of residual lignin in pulp by UV resonance Raman spectroscopy[END_REF]). They can be detected even when present in minute amounts (ppm to ppb) since the resonance effect amplifies the signal up to The aim of this work was a deeper understanding of the effect of ozone and other bleaching chemicals on pulp brightness stability. The UVRR spectroscopy was used with a 244 nm laser wavelength to understand the role of the bleaching chemistry on both the nature of the residual substances in ECF and TCFz bleached pulps and their role in brightness reversion. In this work, the ECF sequence was that currently applied in the Fibre Excellence-Saint Gaudens kraft pulp mill DEpDD and the TCFz sequence A(ZEo)(ZEo)(ZP) was designed and optimized according to the principles recently developed to minimize the decrease of the cellulose DP (Pouyet et al. 2013).

Materials and methods

Materials

Hardwoods (HW) mix kraft oxygen-delignified and DEpDD bleached (control pulp 'cp') pulps were provided by Fibre Excellence paper mill of Saint-Gaudens, France. Ozone was produced in the lab with an Ozonia laboratory generator. Sodium borohydride was bought from Fisher Scientific. Model-compounds p-benzoquinone and p-hydroquinone, and hydrogen peroxide were ordered from Millipore Sigma. Other bleaching chemicals were purchased from Roth (Germany). All the chemicals were used without further purification.

Methods

Oxygen assisted alkaline extraction stages Eo were carried out in a stainless steel reactor under 2 bars of oxygen, at 10% PC. All other bleaching reactions were performed at 10% PC, inside double thermosealed bags, in a thermo-stated water bath, and manually homogenized every 15 min. Chemical charges are expressed in % of o.d. pulp by weight.

Pulp ozonation

Pulp preparation for high consistency ozonation consists of pH adjustment to 2.5 with (4N) H 2 SO 4 at 1-2% pulp consistency (PC), filtration on No. 2 filtration funnel, followed by centrifugation of the pulp to obtain 35-45% PC. Then, pulp is fluffed and put in a spherical glass reactor. The ozone generator settings are: input oxygen pressure of ∼2 bars, current in the ozonator of 0.7 A and ozone concentration of ∼65 mg/l. The real ozone concentration of the gas flow is determined by indirect titration using potassium iodide and sodium thiosulfate so the needed amount of ozone is calculated and injected in the rotating reactor containing the pulp (expressed as per cent ozone based on pulp by weight).

Laboratory-scale ECF and TCFz bleaching

The commercial HW oxygen-delignified kraft pulp was bleached by an ECF and a TCFz sequences, details given below: ECF: DEpDD D 0 : 0.95% ClO 2 [ Raman bands numbered and their corresponding assignations are listed in Table 1. responsible for pulp yellowing upon the aging conditions used in this study. UVRR spectra after P and Epc are very similar to those obtained after B and Ebc showing again that most of the effect is due to the alkaline conditions. Then again the specific attack on carbonyl groups by H 2 O 2 cannot be observed on the UVRR spectra. Brightness stability is even more improved by the harsher alkaline and temperature conditions of the Epc and P treatments, whereas the specific effect of H 2 O 2 on brightness stability remains small. However, there is a marked positive effect on brightness which indicates that some C=O containing chromophores have been eliminated by H 2 O 2 , even though this is not detectable by UVRR spectroscopy. Better stability after P than after B was expected since in the chosen experimental conditions H 2 O 2 readily oxidizes carbonyl groups to uncolored carboxylic acids while NaBH 4 reversibly reduces C=O into alcohols which can convert back to C=O. However, results from Ebc and Epc treatments show that the better brightness stability is primarily due to the stronger alkalinity and does not reflect the better C=O removal with P. One has to admit that brightness stability is affected essentially by alkali soluble insaturated substances present in the ECF pulp. 

Effect of combined [ozone + alkaline] post-bleaching treatments (ZE, ZB, ZP) on ECF pulp

Raman spectra on Figure 5 show that while the signal lowers after Z does not change significantly after the following alkaline stages whether they contain NaBH 4 , H 2 O 2 or no brightening agent. However, the PCN value that was quasi-identical after Z alone is now dramatically reduced after the B and P stages. Actually, the change is essentially due to the alkaline conditions prevailing in these stages, as shown by the results observed after Epc and even after the mild treatment Ebc. The slight Brightness after ZP is slightly better than after ZB, because of the greater effect of H 2 O 2 on conjugated C=O groups. Superiority of P over B to eliminate C=O groups may originate from the irreversible character of their reaction with H 2 O 2 . Brightness stability after ZP and ZB is better than after ZEpc and ZEbc respectively, which reflects the specific effect of H 2 O 2 and NaBH 4 on C=O groups. Better brightness stability is observed after ZP compared to ZB. One explanation could be again either the more efficient elimination of C=O groups with H 2 O 2 or the result of the higher alkalinity in P.

Effect of aging

Figure 6 shows the effect of aging of the TCF and the ECF control pulps on the UVRR signals. A general increase of band III (Figure 1) intensity is observed which indicates that new unsaturated and aromatic structures are formed under the conditions of aging (105 °C, 24 h). Since brightness is decreased, these new unsaturated structures must contain C=O carbonyl groups. This signal increment is almost undetectable for the alkaline treated pulps on Figure 7 (B and Epc spectra were identical to Ebc and P). Unfortunately, no correlation can be observed between this increase of spectral intensity and the PCN values of the samples.

However, for pulps with oxidized carbohydrates (here, the ozone Z and hypochlorous acid H treated pulps) a clear increase of the spectral band no. 8 (Table 1) corresponding to C=O groups can be observed on Figure 8. In fact, shoulders between 1680 and 1695 cm -1 indicate the presence of quinones in the aged Z and H samples, thus confirming the prevalence of C=O containing carbohydrates on quinones formation during aging (Rosenau et al. 2011). The spectra general shift to the right observed for the H treated pulp may be a consequence of chlorination (Linvien et al. 1991). This trend is not observed after Z followed by an alkaline treatment (e. g. ZEbc and ZP, Figure 9) anymore. ZB and ZEpc UVRR spectra were similar to ZEbc pulp. This seems to point out that most of the C=O groups generated by Z can be eliminated in an alkaline stage. In particular, for ZP no new aromatic structures are formed, and the aged sample spectrum is quasi-identical to the non-aged one, which corroborates its low PCN value (0.21).

These measurements of aged samples seem to point out that samples with oxidized carbohydrates (C=O and UVRR spectroscopy clearly shows that ECF pulp contains more functional groups than TCFz pulp. According to the spectra, these functional groups may belong to residual lignin, other aromatics, conjugated C=C structures (e. g. muconic acid derivatives, hexenuronic acids) and C=O containing stuctures (e. g. quinones). These groups and structures are partly removed from ECF pulp by several post-treatments, like B, P, Z, ZP stages. However, only the Z-based post-treatments allow for lowering UVRR spectra intensity to their level in TCFz pulp. This is in accordance with the fact that ozone may react on all these structures, which is not the case for D. However there is no direct correlation between the intensity of the UVRR bands and the PCN values. Very strong improvement of the ECF PCN value is observed by alkaline treatment of the pulp while the UVRR bands are not much affected indicating that some of the heat sensitive subtances are soluble and removable in alkaline solution and that their amount is low and hardly detected in our UVRR spectroscopic method. Excitation with another laser wavelength, e. g. favoring C=O group resonance, might complement this study [START_REF] Loureiro | The assessment of chromophores in bleached cellulosic pulps employing UV-Raman spectroscopy[END_REF][START_REF] Potthast | On the nature of carbonyl groups in cellulosic pulps[END_REF]. Also, Z alone has dramatic effect on the intensity of the UVRR bands while the PCN value is not substantially modified. The degradation of unsaturated conjugated substances and quinones by ozone might be counterbalanced by the formation of new C=O groups on carbohydrates which are known to favor heat yellowing. The high performance of ZP for brightness stability would be due to the combination of the destruction of conjugated unsaturated and aromatic substances (residual lignin, muconic acids, hexenuronic acids, quinones … ) by ozone and the oxidation of carbohydrates C=O groups by the latter. According to our results the implementation of a final ZP stage in the TCFz sequence surely explains the good brightness stability of the corresponding pulp.
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  facing a renewed interest for its sustainability amidst the recent war on plastic packaging and single-use items (straws, cutlery). Paper is made of bleached or unbleached wood fibres from harvested trees. It is therefore considered a zero-carbon material. Wood fibres are mainly composed of carbohydrates (cellulose and hemicelluloses) and lignin. They are freed from each other by chemical or mechanical means to make a pulp. The most widely used pulping process in the world is the kraft process. This chemical pulping process removes most of the lignin, but the residual lignin is strongly coloured and thus the pulp is brown. Oxidative bleaching chemicals are used when bleached fibres are produced.Historically, joint efforts from environmental policy makers and pulp & paper producers have led to the ban of harmful elemental chlorine (Cl 2 ) that was commonly used until the 1980's to bleach pulp. Cl 2 was infamous for generating carcinogenous dioxines. This ban paved the way for chlorine dioxide (ClO 2 ) to become the predominant chemical in the Elemental Chlorine Free (ECF) bleaching sequences. Today, most bleaching plants use chlorine dioxide to remove lignin from the brownish unbleached paper pulp. Despite complying to current environmental regulations applicable in modern countries, chlorine dioxide is a pollutant for natural water streams and their ecosystems. In fact, ClO 2 generates the so-called adsorbable organic halides (AOX) that end up both in the bleaching effluent and in the final paper products with hitherto unkown effect on human health, though possibly hazardous.Hence, Totally Chlorine Free (TCF) bleaching sequences have been developed in order to fully replace chlrorine-based chemicals with oxygen-based species: oxygen (O 2 ), hydrogen peroxide (H 2 O 2 ), and ozone (O 3 ).
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 11 Figure 1.1: Representation of the two possible cellulose monomers: cellobiose and anhydroglucose units. The two extremities of the cellulose chain are the reducing and non-reducing ends. The reducing end is in equilibrium with its aldehyde form.

Figure 1 . 2 :

 12 Figure 1.2: Wood carbohydrates categorised by their number of carbon atoms, pentoses (5) and hexoses(6). Specific groups are hexuronic acids and deoxy-hexoses. The main sugars found in hardwoods are framed in blue. Adapted from[3].

Figure 1 . 3 :

 13 Figure 1.3: Example of native lignin structure. Lignin structural units and possible bonding to carbohydrates (LCCs) are highlighted.
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 14 Figure 1.4: Main linkages between phenylpropane units in lignin. Reproduced from [11].

  Kraft cooking consists in the use of white liquor (aqueous solution of Na 2 S and NaOH) in the 150 -170 °C range to depolymerise and extract lignin from wood chips by cleaving (C-O-C) ether bonds[8]. HW lignin noticeably contains more of these bonds -in relation to (C-C) bonds -than SW lignin. HW also contain generally slightly less lignin than SW, and these two facts explain why HW are easier to pulp than SW.During kraft cooking, the initial delignification takes place on the lignin free-phenolic groups at low temperature and represents 10 -15 % of the lignin dissolution into black liquor. Above 130 °C combined action of hydroxyl and bisulfide ions on the non-free-phenolic units is responsible for about 90 % of the wood lignin passing into solution (Figure 1.5) [16]. The main (C-O-C) linkages cleaved during kraft pulping are the β-O-4 bonds (cf. Figure 1.4).
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 15 Figure 1.5: Main delignification reaction occurring during kraft pulping: cleavage of the free phenol aryl-alkyl β-O-4 ether bond via the nucleophilic attack of hydrosulfide on quinone methide intermediates. Reproduced from [17].

1 MPa O 2 , 2 %

 122 Conventionally designated as the (O) stage, it is an economical and environmental friendly pre-bleaching technology that consists in further solubilising kraft lignin with oxygen in heated alkaline environment (∼ NaOH on o.d. pulp, 90 -95 °C). In these conditions, oxygen reacts with lignin phenolic groups and form muconate derivatives via formation of the phenoxyl and superoxide radicals (Figure 1.6). Muconics are very soluble in alkaline media and greatly facilitate the extraction of lignin. Oxygen delignification mainly acts on free phenolic groups of lignin, which represent 50 % of the kraft lignin units as the kraft process greatly increases the content of free phenolic hydroxyl groups (around 20 % in native wood lignin) [1]. Other structures, including LCCs, are relatively impervious to the (O) stage.
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 16 Figure 1.6: Main oxygen delignification reaction: formation of the phenoxyl radical by oxygen (A) and the hydroxyl radical (B), and subsequent ring opening leading to the formation of muconates. Adapted from [1].
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 17 Figure 1.7: Prominent substructures in the residual lignin of kraft pulps. 1: β-O-4' alkyl-aryl ether. 2: α-ether linkage to carbohydrate. 3: β-5' carbon-carbon linkage. 4: 5,5'-biphenyl linkage. 5: Diphenylmethane linkage. 6: Another type of diphenylmethane linkage. 7: 4-O-5' biphenyl ether.Reproduced from[39].
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 1 Figure 1.8.
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 18 Figure 1.8: Reactions leading to the formation of ortho-quinones during both kraft pulping (top) and oxygen delignification (bottom).
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 19 Figure 1.9: Hexenuronic acid formation from xylan 4-O-methylglucuronic acid during kraft pulping.Reproduced from[48].

[

  55]. Despite the major improvements offered by ECF bleaching regarding chlorine pollution, some companies decided to go further by developing Totally Chlorine Free (TCF) sequences solely based on chelating, hydrogen peroxide, oxygen, and ozone stages to delignify and brighten pulp. Despite offering a green alternative to conventional ECF technology, TCF bleaching has known a development which remains marginal (Figure 1.10).
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 110 Figure 1.10: Kraft pulp share in total pulp production worldwide in 2013, and kraft bleaching shares in total kraft pulp production worldwide in 2018. Adapted from[56] and[57].
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 111 Figure 1.11: Main bleaching reaction: oxidation of the phenyl ring to form alkaline-soluble muconic acid and ester group.
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 112 Figure1.12: Chromophores in bleached kraft pulp, and their origin. Key chromophores 1, 2 and 3 are found in most aged cellulosics[83] 

Figure 1 . 13 :

 113 Figure 1.13: Possible reactions between chlorine dioxide and lignin free phenols. Adapted from [87].

Figure 1 . 15 :

 115 Figure 1.15: Proposed mechanisms between ozone and C=C bond giving rise to free radicals. Reproduced from [87].

Figure 1 . 16 :

 116 Figure 1.16: Proposed mechanism for the reaction between ozone and hexA. Adapted from [102] and [103].

  [104]. These two reasons usually justify the use of an initial hot acid stage in the bleaching of HW kraft pulp. Extensively used since its invention in the 90's [105] this (A) stage selectively removes part of the hexA without degrading the carbohydrates, when used in the right conditions ie. 90 -95 °C, pH 3 -3.5, 2 to 4 h [101].

1. 3 1 . 3 . 1

 3131 Paper mechanical properties and their obscure link to carbohydrates integrity. Close-up on ozone-induced degradation and its mitigation in TCF bleaching sequences Paper strength and its relation to the cellulose degree of polymerisation Paper: a network of bleached wood fibres Paper is a fibrous material made with bleached pulp that has been refined, formed, and dried. Its mechanical properties such as flexibility, resistance to tensile, burst, and tearing require an understanding of the wood elementary components that are fibres. A multi-scale overview is given on Figure 1.18. Fibres are wood cells glued together in native wood and freed during the kraft cooking. Most of the lignin is contained in the middle lamellae. Both lignin and hemicelluloses cover the cellulose elementary fibrils.
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 118 Figure 1.18: Overview of wood from the living tree down to the lignocellulosic scaffold forming wood fibres. Adapted from [145].

Figure 1 . 19 :

 119 Figure 1.19: Carbohydrates depolymerisation reactions occurring during kraft pulping: (1) Alkaline hydrolysis;(2) peeling of reducing end groups eventually followed by a stopping reaction (3). In this example, the presence of methylglucuronic acid (4-O-MeGlcA) will prevent the peeling from shortening further the xylan backbone. Adapted from[START_REF] Fearon | Detailed modeling of the kraft pulping chemistry: carbohydrate reactions[END_REF].

Figure 1 . 20 :

 120 Figure 1.20: Proposed mechanisms for cellulose depolymerisation reactions occurring in the oxygen delignification stage (O). A: depolymerisation in aerated media initiated by hydroxyl radicals. B:generation of carbonyl groups via hydrogen abstraction by hydroxyl radicals, followed by a β-alkoxy elimination reaction in alkaline conditions. Adapted from[START_REF] Chirat | Effect of Ozone on Pulp Components. Application to Bleaching of Kraft Pulps[END_REF][START_REF] Chirat | Effect of Hydroxyl Radicals on Cellulose and Pulp and their Occurrence During Ozone Bleaching[END_REF] and[87].
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 121 Figure 1.21: Action of molecular ozone on cellulose. A: direct depolymerisation route when reacting on C1 or C6. B: generation of carbonyl group on C2, C3 or C6 eventually provoking cellulose depolymerisation via a β-elimination reaction in alkaline conditions. Adapted from [87].

  allows for avoiding unnecessary ozone consumption (Figure 1.16) and generation of hydroxyl radicals, as explained in 1.2.2. If the conditions are mild enough, no depolymerisation of the carbohydrates is caused by (A) [101].

Figure 1 .

 1 Figure 1.22:Bleached HW kraft paper strength correlation with viscosity loss showing a plateau followed by a constant decrease starting on a specific DPv value, the "DPv crit ". Plots adapted from[START_REF] Caux | Limitations of bleached eucalyptus pulp viscosity as determinant for its quality[END_REF] (top) and[START_REF] Oglesby | Does kraft hardwood and softwood pulp viscosity correlate to paper properties?[END_REF] (bottom).

Figure 1 . 23 :

 123 Figure 1.23: Intrinsic fibre strength as represented by the zero-span breaking length of bleached kraft pulps against the cellulose DP. The DPv crit is similar to that of Figure 1.22. Plots adapted from[START_REF] Gurnagul | The effect of cellulose degradation on the strength of wood pulp fibres[END_REF] and[START_REF] Iribarne | High-pressure oxygen delignification of kraft pulps[END_REF].
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 124 Figure 1.24: Paper strength (tensile, burst, tearing) -pulp viscosiy relationships for a peroxysulphuric acid degradation of carbohydrates. Plots made with data taken from [116].

Figure 1 . 25 :

 125 Figure 1.25: Chemicals recovery loops and energy production within the kraft pulping process. Reproduced from [230].

Figure 1 . 26 :

 126 Figure 1.26: Simple flowsheet diagrams of the ECF and TCF bleaching sequences. The absence of chloride ions in TCF bleaching sequences allows for recirculation of the washing filtrates back to the (O) stage and brownstock washing. Compared to an ECF bleaching plant, the TCF effluent load would be reduced and would not contain any chlorinated organics (AOX).

  TCFz bleaching sequences have been developed. The most important one is multi-stage ozone. Splitting the ozone charges in successive (Z) stages with intermediate alkaline extractions (E) improve both brightness and carbohydrates DP, compared to a single (ZE) stage using a high ozone dose. Furthermore, for the ozone bleaching of HW kraft pulp the use of a hot acid (A) stage before the actual bleaching sequence to remove part of the hexA may be especially relevant since ozone can react on hexA, indirectly degrading the carbohydrates via formation of free radicals.[100] Ventorim, G. et al. "Reaction rates of lignin and hexenuronic acids with chlorine dioxide, ozone, and sulfuric acid". In: Wood and Fiber Science 40.2 (2008), pp. 190-201.
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 105 Marechal, A. "Acid extraction of the alkaline wood pulps (kraft or soda/aq) before or during bleaching reason and opportunity". In: Journal of Wood Chemistry and Technology 13.2 (1993), pp. 261-281. DOI: 10.1080/02773819308020517. [106] Chen, C. L. et al. "Studies an Ozone Bleaching. I. The Effect of PH, Temperature, Buffer Systems and Heavy Metal-Ions on Stability of Ozone In Aqueous Solution". In: Journal of Wood Chemistry and Technology 4.3 (Sept. 1984), pp. 367-387. DOI: 10.1080/02773818408070655. [107] Gierer, J., Reitberger, T. and Yang, E. "Formation and Involvement of Superoxide (Ο2•-/ΗΟ2•) and Hydroxyl Radicals in TCF Bleaching Processes: A Review". In: Holzforschung 51.1 (1997), pp. 34-46. [108] Lidén, J. and Öhman, L. O. "Redox stabilization of iron and manganese in the +II oxidation state by magnesium precipitates and some anionic polymers. Implications for the use of oxygen-based bleaching chemicals". In: Journal of Pulp and Paper Science 23.5 (1997), pp. 93-99. [109] Bose, S. K. et al. "Inclusion of a pressurized acidolysis stage in chemical pulp bleaching". In: BioResources 6.1 (Jan. 2011), pp. 823-840. DOI: 10.15376/biores.6.1.
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 1 Production of a TCF bleached pulp rivalling with conventional ECF pulp in terms of optical and mechanical quality 2.1.1 Design of a new TCF bleaching sequence for paper grade pulp Hardwood mix K+O pulp composition

Figure 2 . 1 :

 21 Figure 2.1: Yearly average composition of the HW mix used for producing KO pulp at the Fibre Excellence Saint-Gaudens paper mill.

  .3. The first two trial pulps, TCF 1 and TCF 2 , bleached with 0.82 and 0.70 % ozone, respectively, led to fully-bleached pulps with brightness values above the target value of 91.5 %ISO. The total ozone charge was then lowered to 0.68 % and TCF 3 presented a valid final brightness. Yet, at that point in the trial & error experiments it was observed that an excessive amount of ozone introduced in the first two (Z) stages resulted in a relatively low ozone consumption, especially in the third (Z) stage (Table

Figure 2 . 2 :

 22 Figure 2.2: Evolution of the brightness of TCF 3 and TCF 4 pulps along the bleaching sequence.

Figure 2 . 3 :

 23 Figure 2.3: Evolution of the DPv of TCF 3 and TCF 4 pulps along the bleaching sequence.

Figure 2 . 4 :

 24 Figure 2.4: SEM micrographs of KO (a), TCF (b), and BP (c) pulps. The bleaching induced a mild fibrillation of the fibre surface, with some peeled-off elements visible on the (Mag 2400x) micrographs.

Figure 2 . 5 :

 25 Figure 2.5: Mechanical properties of the ECF and TCF bleached pulps at increased levels of beating (PFI refined). (a): tensile strength index (TSI) ; (b): bursting index (BI) ; (c): tearing index (X). Curves were obtained by cubic interpolation of the data points. Error bars represent standard deviations (12 replicates).
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 26 Figure 2.6: UVRR spectra of original unbleached HW kraft pulp KO, untreated and (A)-treated. (A): pH 3.0, 2h, 90 °C.

Figure 2 . 7 :

 27 Figure 2.7: UVRR spectra for the first stages (a) and latter stages of the TCF 4 bleaching sequence (b).

Figure 2 . 8 :

 28 Figure 2.8: UVRR spectra of KO and A, unbleached and treated with Z(0.15%)Eo (a), Z(0.5%)Eo (b), Z(2%)Eo and Z(4%)Eo (c). KO-Z(2%)Eo and KO-Z(4%)Eo exhibited a new peak at 1695 cm -1 attributed to quinones and a peak at 1649 cm -1 close to that of hexA.
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 29 Figure 2.9: Linear correlation between the normalised hexA peak intensity (HA/C) and the Tappi (standard) HexA content of KO and KO-A pulps and bleached with a (ZEo) stage. The dashed red line is the regression line for the data points (R² = 0.980) while the black dot line represents the regression line obtained by Jääskeläinen et al. [34] with the KTH method (R² = 0.971). Horizontal error bars represent the deviation to the mean (duplicates) and vertical error bars represent the deviation to the mean (duplicates) or the standard deviation (triplicates).
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 210 Figure 2.10: HexA content (measured by Tappi standard T 282 pm-07) decrease with increasing ozone charge. Results from Pouyet et al. [1] obtained by applying ozone in a single (Z) stage on eucalyptus K+O pulp (a) are compared with (ZEo) experiments performed on mix-HW K+O untreated (KO) and (A)-treated pulps in this thesis (b).
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 211 Figure 2.11: Suspected culprit (framed) for the Raman band arising at 1649 cm -1 in Figure2.8c, and the overestimated Tappi hexA content measured for (ZEo)-bleached pulps in this thesis. Formation of a CO group on cellulose C6 by free radicals in the (Z) stage can lead to the formation of a moiety very similar to hexA in the (Eo) stage. Adapted from[42] 

Figure 2 . 12 :

 212 Figure 2.12: Correlation between the Tappi hexA content and UVRR hexA peak intensity showing an overestimation of the Tappi values. The slope of the regression (dashed green) line was kept for estimating the real hexA values represented by the blue line.

Figure 2 .

 2 Figure 2.13: L/C intensity against the total pulp KN (orange) and lignin KN (blue). Dashed lines are the linear regressions of the two data sets. Error bars represent deviation to the mean (duplicates) or standard deviation (triplicates).

Figure 2 . 14 :

 214 Figure 2.14: Linear correlation between the lignin KN-derived Lignin content (%) and the UVRR lignin peak (normalised L/C) intensity.
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 215 Figure 2.15: UVRR spectra of original unbleached HW kraft pulp KO and its (A) and (A harsh ) treated versions. (A): pH 3.0, 2h, 90 °C; (A harsh ): pH 2.5, 3h, 95 °C.
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 216 Figure 2.16: Lignin (green triangles) and hexA (red dots) contents decreasing with more ozone being consumed in the (ZEo) 1 stage. Dashed curves represent the exponential decay fitting curves. Similar trends were observed when plotting the data against the ozone charge.

Figure 2 . 17 :

 217 Figure 2.17: Pulp brightness development with the delignification occurring in the (ZEo) 1 stage (blue squares) and with increasing ozone charge (purple triangles). Dashed purple line is a Brody function fitting curve (R² = 0.99174), and dashed blue line two linear fits (R² = 0.99977 and 0.99155).
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 218 Figure 2.18: Evolution of the chain scission number (CSv) induced by (ZEo) 1 with increased ozone charge (red crosses) or consumption (blue crosses) (a) and along the removal of lignin (green triangles) and hexA (red dots) from pulp A (b).
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 219 Figure 2.19: Differences in chain scission number (CSv) evolution with (ZEo) applied on untreated KO and (A)-treated pulps.

Figure 2 . 20 :

 220 Figure 2.20: Lignin (a) or hexA (b) removed in KO-ZEo and A-ZEo and reported to the ozone consumption. The A(ZEo) 1 (ZEo) 2 semi-bleached pulps TCF 3 and TCF 4 are also represented. Dashed lines represent linear regressions of KO-ZEo and A-ZEo hexA data series.

  improved the elimination of chromophoric groups in lignin. The most fitting example is A-Z(0.17%)Eo-Z(0.08%)Eo compared to A-Z(0.25%)Eo: using two ozone stages instead of one removed less lignin yet improved the brightness (+1.8 %ISO) (Table2.8).
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 221 Figure 2.21: Effect of (ZEo) 2 on lignin: enhanced chromophores elimination from A(ZEo) 1 pulp when compared to the effect of (ZEo) 1 on A pulp at equal delignification level.

Figure 2 . 22 :

 222 Figure 2.22: Evolution of the chain scission number (CSv) induced by (ZEo) 1 and (ZEo) 2 with increased ozone consumption.

  ): a surprising limited effect on carbohydrates depolymerisation A possible influence from carbonyl groups In a TCF bleaching sequence where the carbohydrates have been substantially oxidised by ozone, the amount of CO groups positioned on the sugar chains increases. They can provoke an additional depolymerisation via β-elimination in a (E) stage and an extended degradation when treated with hydrogen peroxide (Figure 2.23).

Figure 2 . 23 :

 223 Figure 2.23: Influence of metal ions and carbonyl groups localised on carbohydrates on the DP loss observed in the hydrogen peroxide stage (P). Adapted from [66].

Figure 2 . 24 :

 224 Figure 2.24: Evolution of the chain scission number (CSv) induced by (ZEo) 1 , (ZEo) 2 and (ZP) with increased ozone consumption.

Figure 2 . 25 :

 225 Figure 2.25: Evolution of the chain scission number (CSv) with (ZEo) applied on A and BP pulps, and with final stage (ZP) within the TCF 1 , TCF 3 , and TCF 4 bleaching sequences.

1

 1 Application of the direct dissolution in DMAc / LiCl (8%) method for analysing the ECF and TCF pulps

1 .

 1 From left to right, these parameters are more influenced by longer polymer chains. Hence, the number-average M n is essentially related to the hemicellulose fraction and short cellulose chains of paper grade pulp while the weight-average M w is mostly affected by the cellulose fraction. The zeta-average M z is representative of the long cellulose chains. Another important parameter is the dispersity index "Đ M ", formerly called polydispersity index: Đ M = M w /M n .

Figure 3 . 1 :

 31 Figure 3.1: MMD of BP pulp, with M r values being defined and reported on the logarithmic scale. The cellulose (C) and hemicellulose (HC) peaks are clearly located on the right and left sides of the MMD, respectively.

Figure 3 . 2 :

 32 Figure 3.2: DP w values reported in the LGP2 and CRC laboratories for 6 cellulosic samples described later on: BP, BP-Z(0.5%)Eo, mix[BP 33% /BP-Z(1%)Eo 66% ], BP-Z(0.35%)P, BP-H(1.5%), BP-C endo (80 U/g). Error bars represent standard deviations (triplicates).

Figure 3 . 3 :

 33 Figure 3.3: MMDs of dissolved BP pulp sample injected in the LGP2 and CRC SEC systems.

Figure 3 . 4 :

 34 Figure 3.4: MMDs of TCF and ECF (BP) bleached kraft pulps.

Figure 3 . 5 :

 35 Figure 3.5: Reduced and non-reduced DP n and DP w correlations for the three samples: BP, BP-Z(0.17 %)Eo, and BP-H(5 %) showing increasing CO groups content, in that order. Dashed green line is the linear regression (R² = 0.99) for the three DP w data points (red dots).

Figure 3 . 6 :

 36 Figure 3.6: Deconvolution of reference pulp BP MMD by a simple Gaussian model. The cellulose (C) and hemicellulose (HC) fractions are clearly overlapping.
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 2321 Molar mass distributions to overcome the lack of information carried by the DPv when assessing cellulose degradation Presentation of the different carbohydrates-degrading chemicals used in this study As mentioned earlier (1.3.3 & 3.1.1), localised attacks such as acid hydrolysis would provoke carbohydrates depolymerisation in local defects in fibres leading to their weakening and eventual cleavage. MMDs of degraded cellulosic samples could give valuable insight on the uniform or localised nature of the "topochemical" damage within the fibres cellulose microfibrils.

  DPv B results of KO-ZEo and BP-ZEo experiments were used to calculate the chains scission number CSv defined earlier (cf. Chapter 2). CSv values are represented in Figure 3.7. In bleached BP, the CSv reached a plateau with increasing ozone charge (Figure 3.7a). The CSv increase with ozone consumption was actually simply linear (Figure 3.7b).In unbleached KO the trend was different: the CSv did not increase for a low ozone charge of 0.15 %, then increased rapidly until 0.5 % introduced ozone before going up at a somewhat slower rate (Figure3.7a). The same trend was obtained when plotting the CSv against the ozone consumption (Figure3.7b).

Figure 3 . 7 :

 37 Figure 3.7: CSv increase with increasing ozone charge (a) and consumption (b) in a (ZEo) stage applied on unbleached KO and bleached BP pulps. Eo: 0.8 % NaOH, P(O 2 ) = 2 bar, 70 °C, 1h. KO-ZEo dashed lines are simple linear interpolations of data points, those representing BP-ZEo are a Brody function fitting curve (R² = 0.99808) in (a), and a linear fit (R² = 0.98637) in (b), respectively. Error bars represent deviations to the mean (duplicate BP-Z(1%)Eo experiment).

O 3 -

 3 induced radicals which would mainly be present around lignin and hexA subject to oxidation. This may explain the different CSv evolution with increased chemical charge observed for (H) (Figure3.8), compared to (ZEo) (Figure3.7). In the BP-H set, the CSv increased exponentially with the HOCl dose, and reached higher values than in the BP-ZEo set, indic-ating a higher extent of carbohydrates degradation. Presence of lignin in KO inhibited the number of cellulose chains scissions.

Figure 3 . 8 :

 38 Figure 3.8: CSv increase with increasing hypochlorous acid charge in a (H) stage applied on bleached BP and unbleached KO pulps. H: pH 4.9 (acetate buffer), 70 °C, 1h. Dashed lines represent exponential growth fits (R² = 0.99979 and 0.99821 for BP-H and KO-H, respectively).

Figure 3 . 9 :

 39 Figure 3.9: Schematic action of the two main types of cellulases: endoglucanase and exoglucanase (cellobiohydrolase). Reproduced from [33].

Figure 3 . 10 :

 310 Figure 3.10: Confocal laser scanning microscopic images of never-dried SW K+O pulp hydrolysed with Celluclast, taken at different reaction times. The red colour is the fluorescence of Alexa Fluor 546® conjugated with Celluclast. Arrows indicate fibres cracks that cellulase penetrate. Adapted from [38].

Figure 3 . 11 :

 311 Figure 3.11: CSv increase with increasing enzyme doses in the (C endo ) and (C cell ) treatments applied on BP pulp. C endo : pH 4.6 (acetate buffer), 40 °C, 24h; C cell pH 5.3 (citrate-phosphate buffer), 55 °C, 24h. Dashed lines are linear interpolations of the data points.

Figure 3 . 12 :

 312 Figure 3.12: MMDs of bleached pulp BP degraded at DPv ∼ 1160 by various treatments. TCF pulp MMD is represented as well.

Figure 3 . 13 :

 313 Figure 3.13: MMDs of reference bleached pulp BP and BP-H(0.6%) and mix[BP 40% /BP-Z(0.5)Eo 60% ] degraded samples of similar DPv (∼ 1160). Green and red areas represent the higher content of high-M r cellulose and lower content of average mass cellulose, respectively, in the mix[BP 40% /BP-Z(0.5)Eo 60% ] pulp compared to BP-H(0.6%).

  and 3.15 showed discrepancies. BP-Z(0.35%)P still had some long cellulose chains by looking at the high-M r end of the MMD (Figure3.14). Additionally, this sample presented more low-M r chains than other degraded pulps.

Figure 3 . 14 :

 314 Figure 3.14: MMDs of reference bleached pulp BP and BP-Z(0.35 %)P and BP-H(1.5 %) degraded samples (DPv ∼ 850).

Figure 3 . 15 :

 315 Figure 3.15: MMDs of reference bleached pulp BP and BP-X endo (80 U/g) and BP-X cell (10 U/g) cellulase-degraded samples (DPv ∼ 850).

Figure 3 . 16 :

 316 Figure 3.16: DPv correlation with deconvoluted SEC-determined DP w (C) (a) and DP z (C) values representing the weight-average and zeta-average DP r of the pulps cellulose fraction, respectively. Red squares specifically designate the KO-ZEo and KO-Z alk E samples that present underestimated DPv for the most degraded ones. Green dots represent the KO-H and BP-H samples.

Figure 3 . 17 :

 317 Figure 3.17: MMDs of BP-C cell degraded pulp samples.

Figure 3 . 18 :

 318 Figure 3.18: MMDs of KO-C cell (35 U/g) degraded pulp sample obtained from duplicate injections (a and b). This illustrates the highly heterogeneous state of the sample dissolved in DMAc / LiCl (%).

Figure 3 . 19 :

 319 Figure 3.19: SEM micrographs of BP-C cell (10 U/g) pulp sample showing cleaved fibres and flocculated debris. Magnitude: 300x (a), 600x (b), 2500x (c), 5000x (d).

Figure 3 . 20 :

 320 Figure 3.20: MMDs of BP-C endo degraded pulp samples.

Figure 3 . 21 :

 321 Figure 3.21: (a) Schematic representation of the fibre treated with Celluclast cocktail (C cell ) attacking both crystalline and amorphous zones, or pure β-endoglucanase (C endo ) only degrading amorphous regions of microfibrils. Adapted from [52]. (b) Amorphous cellulose binding domains (endoglucanase) in green and crystalline cellulose binding domains (exoglucanase) in blue in dissolving pulp fibres revealed by fluorescence. Picture on the left may represent the attack mode by the (C endo ) treatment while picture on the right would symbolise the action of the cellulase cocktail Celluclast (C cell ). Adapted from [53] and [54].

Figure 3 . 22 :

 322 Figure 3.22: (a) Evolution of the (long) cellulose chains scissions number CSz(C) with weight-average CSw(C) for the cellulase-hydrolysed bleached pulps BP-C cell (Celluclast) and BP-C endo (endoglucanase) with various enzyme doses. Plain lines are linear interpolations of the data points. (b) NDZS tensile index measurements of BP-C cell (10 U/g) and BP-C endo (30 U/g) samples.

Figure 3 . 23 :

 323 Figure 3.23: MMDs of (Z)-degraded HW kraft pulp (left) and corresponding rewetted zero-span tensile index values (Z-pulp), compared to acid-treated (A-pulp) samples (right). Adapted from [5].

Figure 3 . 25 :

 325 Figure 3.25: (a) MMDs of KO-Z(4%)Eo untreated and treated by a cold caustic extraction CCE to remove hemicelluloses. CCE: 11 % NaOH (wt./wt.), pulp consistency = 5 %, 25 °C, 24h. (b) Single and double Gaussian deconvolution models applied to hemicellulose-free KO-Z(4%)Eo-CCE MMD. The double Gaussian (green) provides a better fit by including the high-M r cellulose fraction.

Figure 3 . 26 :

 326 Figure 3.26: MMDs of KO-Z alk (1.3 %)E and two KO-ZEo pulps. The higher amount of free radicals in the alkaline conditions of (Z alk ) provoke more low-M r cellulose chains scissions than in conventional acidic (Z), noticeably increasing the cellulose peak dispersity. Z alk : 1.3 % O 3 , T room , pH 12.5 ; E: 1 % NaOH, 70 °C, 1h.

Figure 3 . 27 :Figure 3 . 28 :

 327328 Figure 3.27: (a) MMDs of BP-ZEo degraded pulp samples. (b) High ozone dose leaves a high-M r fraction attributed to inaccessible cellulose

  Figures 3.26 & 3.29). It is plausible that due to the radicals quenching ability of lignin, a non negligible cellulose fraction in the fibres was unavailable for ROS issued from ozone self-decomposition, especially in the regions with relatively large lignin contents, namely the fibre surface[68, 85, 86, 87, 88, 89]. In regular conditions (ie. pH 2.5), ozone delignification allows for a more homogeneous depolymerisation of carbohydrates by cleaving chains everywhere there are unsaturated substances (lignin, hexA...). This means that cellulose is depolymerised everywhere in the fibre, and probably more intensively within the fibre surface.

Figure 3 . 29 :

 329 Figure 3.29: Evolution of the (long) cellulose chains scissions number CSz(C) with weight-average CSw(C) for the KO-ZEo and BP-ZEo degraded pulps with various ozone charges, as well as TCF 4 and KO-Z alk (1.3%)E pulps. Plain lines represent linear interpolations of the data points.

(

  H) explains the different effects observed for (H) and (ZEo) stages on the low molar mass materials. (Figures 3.24 & 3.30).

Figure 3 . 30 :

 330 Figure 3.30: MMDs of KO-H degraded pulp samples with 2 % and 4 % introduced HOCl (pH 4.9).

Figure 3 . 31 :

 331 Figure 3.31: MMDs of BP-H degraded pulp samples with 0.6 %, 4 %, and 5 % introduced HOCl (pH 4.9).

Figure 3 . 32 :

 332 Figure 3.32: (a) Evolution of the (long) cellulose chains scissions number CSz(C) with weight-average CSw(C) for the KO-H and BP-H degraded pulps with various HOCl charges, compared to the BP-ZEo set. Plain lines are linear interpolations of the data points. (b) Close-up on the small chains scissions numbers.

Figure 3 . 33 :

 333 Figure 3.33: NDZS tensile index values for all the degraded pulp samples of this study and plotted against the viscosity-determined DPv (a) or SEC-calculated and deconvoluted DP z (C) representing the long cellulose chains (b). Dashed lines represent regression lines of BP-H (yellow) and KO-ZEo (blue) data.

  palliate the lack of information that represents the viscosity-based DPv measurement. The direct dissolution of bleached hardwood kraft fibres in DMAc/LiCl (8 %) was successfully implemented and bi-Gaussian molar mass distributions (MMDs) were acquired for different samples. After having validated the method by verifying the ineffective presence of carbonyl groups on carbohydrates on SEC DP r determination and used simple deconvolution models to selectively analyse the cellulose fraction of the samples, MMDs of pulps degraded by various chemicals (ozone, hypochlorous acid, cellulase...) were obtained. By comparing the different MMDs, it was possible to get a relevant overview of the chemicals modes of attack on both unbleached and fully-bleached hardwood fibres. Depending on the nature of the degradation (localised in the fibre core or on the fibre surface, homogeneous), and backed by an analysis of degraded fibres morphology, the fibres wet (zero-span) strength was more or less affected.The localised attack of cellulases on the fibres weak points provoke a drastic decrease of their intrinsic strength even when it does not break them. On the contrary, homogeneous degradations such as that induced by hypochlorous acid does not create local defects, as indicated by the almost unchanged never-dry zero-span tensile strength. According to the MMDs of the HOCl-degraded pulps all microfibrils are affected.Both the (ZEo) treatment of unbleached and fully-bleached kraft pulps leave a fraction of preserved cellulose observed on the most degraded pulp samples MMDs. In bleached pulp, the intact cellulose is that unavailable for ozone due to the poor swelling conditions at strongly acidic pH. This causes molecular ozone to increase or create local defects in the fibres. In the case of unbleached pulp, this cellulose fraction of high molar mass would represent the cellulose microfibrils within the fibre core having been less in contact with ozone and the associated free radicals than the reacted layer since ozone molecules are first consumed by lignin and hexA on the outer layers, following a shrinking core model. Degradation occurring in the TCF bleaching sequence should be similar to that happening in the (ZEo) treatment of unbleached pulp in the sense that microfibrils are degraded around unsaturated substances. Such a homogeneous degradation in the various cell wall layers would not substantially weaken the fibres despite the cellulose chains depolymerisation commonly described by the DPv loss. This probably explains the preserved mechanical quality of the TCF pulp produced in Chapter 2.

  UV-RR spectra underlined a gap in spectral region III related to C=C and C=O unsaturations (cf. Chapter 6), as shown in Figure4.1.

Figure 4 . 1 :

 41 Figure 4.1: UVRR spectra of equal brightness TCF and ECF-lab bleached pulps.

Figure 4 . 2 :

 42 Figure 4.2: UVRR spectra of BP pulp from all 6 sets of measurements, with the three controlled relevant Raman bands indicated by arrows.

  The (A) stage was applied on BP to see if there were residual hexA groups left in the DEpDD fully-bleached pulp. A combination of both (A) and (SC) stages was performed to check if there was any additional effect from combining both treatments. The UVRR spectra are presented in Figure4.3.

Figure 4 . 3 :

 43 Figure 4.3: UVRR spectra of SC, A, and A-SC treated pulps.

Figure 4 . 4 :

 44 Figure 4.4: UVRR spectra of TCF pulp and BP-Z(0.35%) treated pulp.

Figure 4 . 5 :

 45 Figure 4.5: UVRR spectra of unaged and aged versions of Z(0.35%)-treated pulp.

Figure 4 . 6 :

 46 Figure 4.6: UVRR spectra of unaged and aged versions of H-treated pulp, compared to Z(0.35)-treated and reference pulps.

Figure 4 . 7 :

 47 Figure 4.7: UVRR spectra of B and P treated pulps.

Figure 4 . 8 :

 48 Figure 4.8: UVRR spectra of Ebc and Epc treated pulps, compared to B and P treated and reference pulps.

Figure 4 . 9 :

 49 Figure 4.9: UVRR spectra of aged BP, P, Epc, B, Ebc treated pulps, compared to unaged P and BP pulps. Aging of alkaline-treated pulps does not create as many C=C unsaturations as in untreated BP.

Figure 4 . 10 :

 410 Figure 4.10: UVRR spectra of unaged and aged versions of ZB and ZP treated pulps, vs. Z treated pulp.

Figure 4 . 11 :

 411 Figure 4.11: UVRR spectra of unaged and aged versions of ZEbc and ZEpc treated pulps, vs. Z treated pulp.

Figure 4 .

 4 Figure 4.12 summerises all the treatments carried out on the BP pulp and gives the corresponding brightness and PCN values after treatment. Most of these results have already been discussed. Ozonation at other ozone charges and (Eo) extractions (alkaline extraction assisted by oxygen) have been added. Comparison of the (ZEo) results gives information that confirms the previous discussions. Brightness logically increases with the ozone charge, following the greater destruction and elimination of conjugated C=C and CO groups. PCN values were

Figure 4 . 12 :

 412 Figure 4.12: PCN and Brightness values of all the ozone-treated samples, vs. reference pulp.

Figure 4 .

 4 Figure 4.13 shows the UVRR spectra of the Z(1%)Eo treated pulp before and after aging.

Figure 4 . 13 :

 413 Figure 4.13: UVRR spectra of unaged and aged versions of Z(1%)Eo and Z(1%)Eo-B treated pulps, compared to Z(0.35%) treated pulp.

Figure 4 . 14 :

 414 Figure 4.14: Linear regressions of the PCN vs AuC increase upon aging for the "totally-bleached" (open squares) and other (filled circles: red for those that have been treated with ozone) pulps studied in this work.

  Recycling the bleaching filtrates through the bleaching process and the brownstock washing back to the kraft mill furnace is probably the most exciting opportunity brought by TCF bleaching. Its potential benefits in terms of water use, capital cost, and environmental footprint of the bleach plant are tremendous. Moreover, the partial replacement of pure caustic soda by Oxidised White Liquor (OWL) implies significant savings for the TCF bleaching sequence developed in this thesis.

Figure 5 . 1 :

 51 Figure 5.1: Flowsheet diagram for the TCF bleaching filtrates recycling scenario. (A) and (P) washing streams are directly discharged to the wastewater treatment plant (WWTP).

Table 5 . 1 :

 51 Ozone bleaching of (A)-treated pulp (15 g o.d.) and characterisation of the bleaching filtrates. The amounts of residual lignin and lignin removed in each bleaching stage was extrapolated from the UVRR-derived quantitative models developed in Chapter 2. DOM = dissolved organic matter.

Chapter 2 .

 2 Therefore, this experimental protocol for effluent recycling represented quite well the conditions of a scenario where the pulp entering (ZEo) is contaminated by all the lignin solubilised within washing filtrates throughout the whole sequence and recirculated countercurrent wise into the bleaching stages, from final (ZP) stage to the brownstock washing, before being burnt in the mill recovery boiler.

Figure 5 . 2 :

 52 Figure 5.2: Flowsheet diagram showing the filtrate flows in the KO-A-DOM bleaching experiments, the DOM stream is represented as the red dash-dotted line. PC = pulp consistency (%).

Figure 5 . 3 :

 53 Figure 5.3: Flowsheet diagram showing the filtrate flows in the KO-A-DIM experiments. PC = pulp consistency (%).

Figure 5 . 4 :

 54 Figure 5.4: Possible reactions between WL and OWL sulfur model-compounds and acid, oxygen, and ozone present in the system. According to Mark et al. [12], the sulfinic peracid intermediate is formed during the oxidation of HS -by ozone, ultimately leading to the formation of sulfate.

Figure 5 . 6 :

 56 Figure 5.6: Baeyer-Villiger reaction: oxidation of carbonyl group by a peracid.
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 523 [START_REF] Kanofsky | Reactive Absorption of Ozone by Aqueous Biomolecule Solutions: Implications for the Role of Sulfhydryl Compounds as Targets for Ozone[END_REF]. The amount of sulfur introduced was almost twice higher for Na 2 S 2 O 3 than for Na 2 SO 3 . Additionally, the sulfur atoms oxidation states are +V/-I for thiosulfate and only +IV for sulfite. The milder DPv loss observed after the ozone bleaching of these two DIM-contaminated pulps is due to the consumption of part of the ozone by the two chemicals. It also indicates that no radicals are formed during these reactions. Illustration of the smaller reaction of ozone with the pulp is given by the UVRR spectra in Figure5.5. Conclusively, Na 2 SO 3 and Na 2 S 2 O 3 seemed to have reacted with part of the introduced ozone, which decreased the bleaching efficiency. On the contrary, Na 2 S surprisingly improved the brightness gain, somehow validating the hypothetical in-situ formation of sulfonic peracid intermediate. No explanation was found for the low ozone consumption observed for the Na 2 SO 3 trial. Effect of inorganic model-compounds on the (ZEo) treatment of fully-bleached pulpResults of BP-Z(1%)Eo experiments with addition of Dissolved Inorganic Matter (DIM)To have a better idea of the mechanisms at play between ozone and the sulfur species, it was decided to introduce the three DIM on fully-bleached pulp BP prior to a Z(1%)Eo stage ie. in the absence of lignin. The DIM addition on fully-bleached BP was done in the same fashion as for the KO-A pulp. The ozone consumption, pulp brightness and DPv values for the DIM addition in (ZEo)-treatment of BP pulp experiments are listed in Table5.6.

on the optimisation of the ozone charge distribution and alternative TCF bleaching sequences 5 . 3 . 1

 531 Optimisation of the total ozone charge distribution for obtention of a higher pulp brightnessRemoving all the phenolic lignin before (ZP) for improving its brightness "polishing" role as the final bleaching stageIn Chapter 2 the DPv drop induced by ozone in the TCF bleaching sequence has been shown to have no detrimental effect on paper strength. On the other hand, results from Chapter 3 hinted that the direct attack of molecular ozone on cellulose in the absence of lignin may provoke strength loss, compared to the action of hydroxyl radicals during pulp bleaching. Such a direct attack of ozone on cellulose in a relatively lignin-free pulp may happen in the final stage (ZP) of the A(ZEo)(ZEo)(ZP) sequence.

  that the linear correlations were valid up to a 0.3 % introduced ozone charge in a single (ZEo) stage and a 0.5 % total ozone charge. A greater ozone charge would result in hexA and then aromatic lignin elimination leading to a change in the bleaching chemistry (cf. 2.3.2), and the linear correlations not true anymore.

Figure 5 . 7 :

 57 Figure 5.7: Brightness evolution of KO and A pulps bleached with an increasing ozone charge applied in a (ZEo) stage. Dashed lines represent the Brody function fitting curves of KO-ZEo (R² = 0.99811) and A-ZEo (R² = 0.99292) series.
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 5859 Figure 5.8: Comparison of KO, KO-A, and model-predicted KO-Z(0.06%)Eo lignin and hexA contents. Table 5.9: Obtention of an aromatic lignin-free semi-bleached pulp (79 %ISO) via three different TCFz bleaching sequences based on (ZEo) bleaching models, prior to a final Z(0.1%)P brightening stage. Pulp Initial pulp (ZEo) 1 (ZEo) 2 (ZEo) 3 total ozone charge before (ZP) (%) hexA (µmol/g) Br 0 (%ISO) hexA (µmol/g) Br 1 (%ISO) hexA (µmol/g) Br 2 (%ISO) hexA (µmol/g) Br 3 (%ISO) A-Z(0.2)Eo-Z(0.2)Eo 47 50.3 18 63.1 13 78.9 --0.4 Z(0.26)Eo-Z(0.18)Eo 58 49.0 21 64.0 14 78.8 --0.44 Z(0.13)Eo-Z(0.12)Eo-Z(0.12)Eo 58 49.0 35 57.5 16 67.9 9 79.0 0.37
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 59542 Figure 5.9: Total chemical costs of the ECF bleaching sequence DEpDD (A) and TCF bleaching sequences A-Z(0.17%)Eo-Z(0.17%)Eo-Z(0.16%)P (B), Z(0.26%)Eo-Z(0.18%)Eo-Z(0.1%)P (C), and Z(0.13%)Eo-Z(0.12%)Eo-Z(0.12%)Eo-Z(0.1%)P (D). Sequences costs are indicated on top of their respective bars.

Figure 5 . 10 :

 510 Figure 5.10: Flowsheet diagram of the A(ZEo)(ZEo)(ZP) sequence in a scenario where part of the bleaching effluent is recycled back to the brownstock washing and caustic soda is replaced by partially oxidised white liquor (POWL) in the (Eo) stages. Digits indicate the % on o.d. pulp of sodium thiosulfate in solution.

Figure 5 . 11 :

 511 Figure 5.11: Total chemical costs of the ECF bleaching sequence DEpDD (A) and TCF bleaching sequences A-Z(0.17%)Eo-Z(0.17%)Eo-Z(0.16%)P (B), Z(0.26%)Eo-Z(0.18%)Eo-Z(0.1%)P (C), and Z(0.13%)Eo-Z(0.12%)Eo-Z(0.12%)Eo-Z(0.1%)P (D), without effluent recycling or with recycling and incorporation of either partially (POWL) or totally (TOWL) oxidised white liquor as alkali source. Sequences costs are indicated on top of their respective bars.

  RALS/LALS detector: Viscotek 270 DUAL DETECTOR -RI detector: Viscotek VE 3580 RI DETECTOR -UV detector: Viscotek UV DETECTOR 2600The molar mass averages obtained with Size Exclusion Chromatography (SEC) are noted M r (M n , M w , and M z ). From the M r values can be calculated the "DP r ": DP n,w,z = (M n,w,z -18.02)/(180.16 -18.02) 

2 g

 2 of pulp (o.d. basis) are diluted to 1 % PC. The handsheet is formed and dried under vacuum at 85 °C for 7 minutes. The pulp brightness measurement is performed on an optical device (PTA), using a reflectance of 457nm (R 457 ). A set of 4 measurements (4 faces) is done and the average value is reported.

  Brightness stability was represented by the Post-Colour Number (PCN) determined after dry-aging, conditions well-fitting HW kraft pulps[8, 9]. The followed standards were ISO 5630-1[10] and TAPPI Test Method T 260 om-85, and applied on handsheets produced from the different pulp samples. The lower the PCN, the more stable the brightness. Artificial aging was performed in dry conditions placing the handsheet in an oven at 105 °C for 24h, without air circulation and with the oven remaining closed during the experiment. Brightness terference with C=C unsaturations (Figure6.3). These two substances present Raman bands out of the [1605 -1660 cm -1 ] range.
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 6263 Figure 6.2: UVRR spectra of para-hydroquinone and para-benzoquinone

  more lignin or extractives impurities than the TCF. A thorough investigation on the role of various bleaching stages on brightness and brightness stability developments of the ECF pulp and the corresponding UVRR spectra indicated the superiority of ozone over all other bleaching chemicals in decreasing the amount of C=C unsaturated substances. However, (Z) alone can destabilise the pulp brightness by introducing carbonyl groups on the carbohydrates. A subsequent alkaline extraction stage can solve this problem by increasing brightness stability but at the cost of a somewhat lessened brightness. The best brightness and brightness stability values were obtained by combining ozone and hydrogen peroxide in a (ZP) stage. These two chemicals are complementary since (P) can irreversibly eliminate carbonyl groups thus increasing both brightness and brightness stability. However, hydrogen peroxide cannot remove as many recalcitrant C=C unsaturated substances as ozone, thus explaining the lower effect of single (P) on improving pulp brightness and its stability when compared to (ZP). Finally, a DEpDP bleached pulp still showed a lower brightness stability than the A(ZEo)(ZEo)(ZP) pulp at an equivalent brightness level. This UVRR study and this last result indicate the better performance of ozone-based bleaching sequences over ECF ones, when ozone stages are associated with subsequent alkaline extraction and hydrogen peroxide stages.

Figure 4 :

 4 Figure 4: UVRR spectra of KO and A, unbleached and treated with Z(0.15%)Eo (a), Z(0.5%)Eo (b), Z(2%)Eo and Z(4%)Eo (c). KO-Z(2%)Eo and KO-Z(4%)Eo exhibited a new peak at 1695 cm -1 attributed to quinones and a peak at 1649 cm -1 close to that of hexA.

Figure 5 :

 5 Figure 5: Close-up on the final bleaching of TCF 3 pulp. UVRR spectrum of A-Z(0.2%)Eo-Z(0.38%)Eo deconvoluted by three Lorentzian peaks showing the overlapping of the condensed quinone-associated peak at 1647 cm -1 on the aromatic lignin "L" and hexA "H" peaks (a), and spectra of the three final stages of TCF 3 sequence (b).

Figure 6 :

 6 Figure 6: UVRR spectra of untreated BP pulp and Z(0.15%)Eo, Z(1%)Eo, and Z(1%)Eo-B treated versions. Dashed line is BP-Z(1%)Eo-B. Region II represents contributions from both carbohydrates and lignin bonds and region III represents C=C and C=O contributions associated with residual lignin.

Figure 7 :

 7 Figure 7: Some potential culprits for the 1647-1652 cm -1 arising Raman peak with increased oxidation of carbohydrates: four chromophoric quinone derivatives found in Lyocell fibres. Adapted from [10].

Figure 8 :

 8 Figure 8: Suspected culprit (framed) for the Raman band arising at 1649 cm -1 in Figure2.8c, and the overestimated Tappi hexA content measured for (ZEo)-bleached pulps in this thesis. Formation of a CO group on cellulose C6 by free radicals in the (Z) stage can lead to the formation of a moiety very similar to hexA in the (Eo) stage. Adapted from[12] 
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 1181: Figure: filtration set-up (without the vacuum flask). From (Merck, 2018)

b) DMAc / LiCl (0, 5 %

 5 weight/volume) Preparation of the solvent run: DMAc / LiCl (0.5%) is preferably done the day before injection into SEC, at the earliest. Make a 16 th dilution of the DMAc / LiCl (8%) solution, by taking 62.5 mL of the mother solution and pouring it into a 1 L volumetric flask. Add pure DMAc up to the flask marked line. Manually homogenize the solution.

  10 6 times. Detection of C=O groups (Potthast et al. 2005) and aromatics-based chromophores (Loureiro et al. 2010) has also been reported for different laser wavelengths. Several quantification procedures have even been proposed (Halttunen et al. 2001; Jääskeläinen et al. 2005; Loureiro et al. 2010; Saariaho et al. 2003) but they are unreliable when analyzing fully bleached pulps since the variety of color contributors cannot be assessed when using one single laser wavelength.

2 E.

 2 Montet et al.: UV Raman spectroscopy for assessing the brightness stability of ozone TCF bleached pulp the laboratory. Nevertheless, the ECF industrial control pulp (cp) and the ECF lab-produced pulp are assumed to be comparable since they are produced from the same starting material and bleached with the same sequence. For this reason and larger availability of cp pulp the latter was used to continue the study on identification of chromogens by using several post-bleaching treatments.

3. 2

 2 Effect of single alkaline post-bleaching treatments (E, B, P) on ECF pulp In this study, the commercial ECF control pulp was posttreated by several stages. As shown in Figure 3, B and Ebc stages cause some elimination of lignin, aromatics, C=C and C=O containing substances. Most of the change on the spectra intensity is due to the alkaline conditions and affect brightness stability albeit the specific effect of NaBH 4 is marginal. Small brightness improvement is observed for B, likely because of the reduction of some C=O containing chromophores. A noteworthy result is the identical brightness PCN values for both TCF and B treated ECF pulp, despite the difference in spectral intensities. This discrepancy accounts for a larger quantity of unsaturated materials present in the B treated pulp which are uncolored and not

Figure 1 :

 1 Figure 1: UVRR spectrum of an industrial ECF hardwood bleached pulp showing relevant Raman bands numbered and their corresponding assignations are listed in Table1.

Figure 2 :

 2 Figure 2: UVRR spectra of ECF and TCFz bleached pulps. ISO brightness and PCN values are showed next to the legend. Details are given in Table2.

  Figure 2: UVRR spectra of ECF and TCFz bleached pulps. ISO brightness and PCN values are showed next to the legend. Details are given in Table2.
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3. 3

 3 Effect of single ozone post-bleaching treatment (Z) on ECF pulpOn Figure4, the UVRR signal lowers dramatically after Z, about the same level as the TCF pulp. Interestingly, the Z stage does not lower the PCN of the pulp significantly (0.40 vs. 0.43), albeit a remarkable increase in brightness (+2.3 % ISO). The decrease in the signal and the better brightness are in accordance with the well known reactivity of ozone with unsaturated structures. The fact that no improvement in brightness stability is observed may come from the simultaneous formation of C=O groups on carbohydrates, counteracting the beneficial effect of the destruction of conjugated structures(Perrin et al. 2017; Pouyet et al. 2014).

Figure 3 :

 3 Figure 3: UVRR spectra of Ebc, B (a), Epc, P (b) treated, TCF and control pulps.

Figure 4 :

 4 Figure 4: UVRR spectra of Z treated, TCF and control pulps.

Figure 5 :

 5 Figure 5: UVRR spectra of Z treated, ZEbc, ZB (a), ZEpc, ZP (b) and control pulps.

Figure 6 :

 6 Figure 6: UVRR spectra of TCF and control pulps, as well as their aged versions.
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Table 1 .

 1 

1. 

Table 1 .

 1 

		Hardwoods Softwoods
	Cellulose	43-47	40-44
	Hemicelluloses	25-35	25-29
	Lignin	16-24	25-31
	Extractives	2-8	1-5

1: Hardwoods and softwoods average weight fractions of carbohydrates, lignin, and extractives. Reproduced from

[1]

.

Table 1

 1 Its dominance is explained by the high strength of kraft paper and that around 99 % of the chemicals are recovered. The principle of chemical pulping is to separate wood fibres by dissolving lignin, most of which is contained in the middle lamellae forming the "glue" between individual wood fibres.

	.2 and are mechanical,

Table 1 . 2

 12 

								Pulp
	Pulping process			Chemicals	Pulp properties	End-use	Pulp yield (%)	market-share
								(%)
	Mechanical	Groundwood pulping Thermomechanical pulping (TMP) Chemi-thermomechanical pulping (CTMP)	No chemical, stone grinding of logs No chemical, disc grinding of chips Mild action of Na 2 SO 3 , disc grinding of chips	High opacity, softness, bulk. Low strength and brightness Moderate strength	Newsprint, books, magazines Cardboard and soft papers	92-96 88-95	23
	Chemical	Kraft (sulphate)	NaOH + Na 2 S (15-25% on wood)	High mechanical strength. Hardly bleachable	Bags, wrappings, lineboard, bleached pulps for printing papers	65-70 (unbleached) 46-50 (bleached)	73
		Sulphite	Acid sulphite (pH 1-2)	H 2 SO 3 + HSO 3 Ca 2+ , Mg 2+ , Na + and -with NH 4 + bases	Easily bleachable, (softwood) weaker than kraft pulp but higher yield	Fine papers, tissue, lyocell…) production glassine, newsprint, dissolving pulp (viscose,	45-53
					Easily bleachable,		
			Bisulphite (pH 3-5)	HSO 3 Na + bases -with Mg 2+ , and	weaker than kraft pulp but stronger than acid	Newsprint, fine papers 50-55
					sulphite pulp		
	Semi-chemical	Neutral sulphite semi-chemical (NSSC) (pH 6-9)	NaSO 3 + Na 2 CO 3 , disc grinding of cooked chips	Good stiffness and moldability	Corrugating medium	70-80	4

: Main industrial pulping processes. Adapted from

[15] 

and

[14]

.

Table 1 .3: ECF

 1 and TCF effluent quality and considerations. Reproduced from[67].

		ECF	TCF
		Some AOX content from bleaching process	
		but substances are different to those produced	
	AOX (adsorbable organic halides)	by chlorine gas and are non persistent. Modern	none
		effluent plants reduce this content to a level	
		which is insignificant.	
	Molecular weight of compounds	Generally high molecular weight (and therefore	Low molecular weight compounds such as
	in effluent	less toxic) compounds detected	glyoxal and vanillin
	Short-term single species	TCF and ECF equal	TCF and ECF equal
	toxicity		
	Chronic single species toxicity	Slightly lower and below toxicity level of natural	Slightly higher below toxicity level of natural
		peat bog water and municipal effluent	peat bog water and municipal effluent
			TCF and ECF equal and below toxicity level
	Overall environmental	TCF and ECF equal and both below toxicity level	
			of natural peat bog water and municipal
	watercourse impact	of natural peat bog water and municipal effluent	

effluent Results of biological tests on effluents of mills having both TCF and ECF plants

  

Bleaching sequences and nomenclature

  

	stage are optimised regarding the chemical referred by the letter. A lowercase just mentions
	the presence of a secondary chemical added for improving the stage efficiency. For instance, a
	(Zq) stage is an ozone stage (Z) improved by the introduction of a chelating agent, and a (Op)
	stage is a (O) stage reinforced by the addition of hydrogen peroxide (Table 1.4). Usually,
	two alkaline stages in one like (PO) could be written as (Po) to be more understandable. The
	difference between (Ep) and (P), or between (Eo) and (O), is usually a difference in reaction
	time and temperature, or in chemical charge.
	80 °C, and MgSO 4 is often added
	to mitigate carbohydrates depolymerisation. A (Q) stage is often employed prior to the (P)
	stage, to limitate H 2 O 2 decomposition.
	Bleaching sequences consist in successive bleaching stages occurring in bleaching towers
	for (O), (D), (E), (P) and with a short retention time for (Z). Washers (presses, diffusers,
	drums) allow for removal of residual bleaching chemicals, organic (oxidised lignin fragments,
	low-molar mass carbohydrates) and inorganic (metal ions, sulfate, lime...) residues. Some
	plants modernise their washers in order to make their bleaching sequence more cost-efficient
	by lowering the amount of chemicals needed. This is also a way to lower AOX emissions
	for ECF bleach plants. Typical examples of ECF, ECF-light, TCFp and TCFz sequences are
	given in Table 1.4.
	Usually, brackets around several stages means that there is no intermediate wash between
	these stages. A nomenclature variant is to include an hyphen "-" between stages to represent
	the washing. The capital letter for a stage often means that the conditions employed for this

Table 1 .4: Industrial

 1 examples of ECF, ECF-light, TCFp, and TCFz bleaching sequences, written in the two usual nomenclatures.

Table 2 . 1 :

 21 Characteristics of the oxygen-delignified kraft pulp KO used for the bleaching experiments.

	KN	hexA content (µmol / g of od pulp)	Brightness (%ISO) DPv
	10.0	66.9	49.0	1580

Table 2 .

 2 

		Sequence	Bleaching conditions
			D 0 : 0.95 % ClO 2 ; 55 °C; 1.5 h
	ECF	DEpDD	Ep: 1.7 % NaOH; 0.45 % H 2 O 2 ; 70 °C; 1.5 h D 1 : 0.53 % ClO 2 ; 70 °C; 3h
			D 2 : 0.25 % ClO 2 ; 75 °C; 4 h
			A: pH 3; 90 °C; 2h
			Z 1 : x % O 3 ; pH 2.5 -2.7, fluffing
	TCF A(ZEo)(ZEo)(ZP)	Eo: 1 % NaOH; P(O 2 ) = 2 bar; 70 °C; 1h
			Z 2 : x % O 3 ; pH 2.5 -2.7, fluffing
			Eo: 1 % NaOH; P(O 2 ) = 2 bar; 70 °C; 1h
			Z 3 : x % O 3 ; pH 2.5 -2.7, fluffing
			P: x % H 2 O 2 ; 0.8 % NaOH; 0.3 % MgSO 4 ; 70 °C; 2h

2: Experimental conditions for the two bleaching sequences. Chemical charges expressed as % wt. on o.d. pulp. "x" quantities for ozone and hydrogen peroxide are varying among sequences and are detailed in Table 2.3. MgSO 4 was added prior to NaOH in the (P) stage.

Table 2 . 3 :

 23 Results of the different trial TCF bleaching sequences showing applied charges and consumption (cons.) for O 3 and H 2 O 2 . Brightness values in bold font represent measurements made after addition of SO 2 .

	Pulp	Bleaching stage	O 3 / H 2 O 2 charge (%)	O 3 / H 2 O 2 cons. (%)	total ozone charge (%)	total ozone cons. / charge (%)	Brightness (%ISO)
	KO	-	-	-	-	-	49.0
	ECF-lab DEpDD	-	-	-	-	91.5
	BP	DEpDD	-	-	-	-	89.8
	TCF	A	-	-	-	-	50.3
		(ZEo) 1	0.3	0.25	0.82	77	
	TCF 1	(ZEo) 2 Z 3	0.3 0.22	0.24 0.14			
		P	1.1	0.61			92.3
		(ZEo) 1	0.3	0.25	0.7	80	
	TCF 2	(ZEo) 2 Z 3	0.2 0.2	0.16 0.15			
		P	0.5	0.31			92.5
		(ZEo) 1	0.2	0.17	0.68	84	63.3
	TCF 3	(ZEo) 2 Z 3	0.38 0.1	0.34 0.06			86.4 89.6
		P	0.5	0.34			91.8
		(ZEo) 1	0.17	0.16	0.5	88	61.7
	TCF 4	(ZEo) 2 Z 3	0.17 0.16	0.16 0.12			76.8
		P	0.45	0.4			91.0

Table 2 . 4 :

 24 Non-reduced DPv and reduced DPv B values of pulps sampled after each stage of the TCF bleaching sequences.

	Pulp Bleaching stage DPv or (reduced) DPv B
	KO	-	1580
	ECF	DEpDD	1380
	TCF	A	1550
		(ZEo) 1	1380
	TCF 1	(ZEo) 2	1170
		ZP	1000
		(ZEo) 1	1420 B
	TCF 3	(ZEo) 2	1170 B
		ZP	1060 B
		(ZEo) 1	1550 B
	TCF 4	(ZEo) 2	1180 B
		ZP	1160 B

Table 2 . 5

 25 

	Sample	length-wt fibre length (µm)	fibre width (µm)	kinked fibres (%)	curl (%)	Macro-fibrillation index (%)	Broken fibre content (%)
	KO	771	23.4	66	16	1.7	29
	KO-A-Hol	859	18.8	60	13	1.0	23
	TCF	786	22.6	61	15	1.5	26
	BP	832	19.3	74	18	1.2	27

: Relevant Morfi results for KO, KO-A-Hol, BP, and TCF pulps.

Table 2 . 6 :

 26 Comparable pulps obtained from oxygen-delignified HW kraft pulp (KO) bleached with ECF and TCF-ozone bleaching sequences.

	Pulp	Brightness (%ISO) PCN DPv
	KO	49.0	-	1580
	ECF-lab	91.5	0.61 1380
	TCF	91.0	0.29 1160
	BP	89.8	0.43 1370

The rest of the present chapter is dedicated to a deeper analysis of the TCF bleaching sequence by means of UV Resonance Raman (UVRR) spectroscopy. Apart from getting a new insight on the parallel lignin and/or hexA removal from pulp by each stage of the sequence, the goal was to understand the cause for the critical DPv loss in the second (ZEo) stage (Figure

2

.3).

Table 2 . 7 :

 27 Experimental conditions and results for the conventional (A) and harsh (A harsh ) treatments applied on KO pulp.

	Pulp pH t (h) T (°C) DPv Brightness (%ISO)
	KO	-	-	-	1580	48.3
	A	3	2	90	1550	50.3
	A harsh 2.5	3	95	1390	50.3

Table 2 . 8 :

 28 Effect of the first two ozone stages (ZEo) on lignin and hexA removal, as well as on pulp brightness. Blue font was used to designate predicted samples and asterisks (*) the model-calculated (Equations 4, 6 & 7) values, respectively.

	Pulp sample	Introduced O 3 (%)	Consumed O 3 (%)	Lignin (%)	HexA (µmol/g)	Brightness (%ISO)
	A	0	0	1.0	46	50.3
	A-Z(0.17)Eo	0.17	0.16	0.69	22	61.7
	A-Z(0.17)Eo-Z(0.08)Eo	0.08	0.07	0.55	17	68.5
	A-Z(0.25)Eo	0.25	0.22	0.47	12	66.7
	A-Z(0.17)Eo-Z(0.17)Eo	0.17	0.16	0.40	4.0	74.8
	A-Z(0.34)Eo	0.34	0.30*	0.46*	9.4*	69.0*
	A-Z(0.2)Eo	0.2	0.17	0.61	17	63.3
	A-Z(0.2)Eo-Z(0.38)Eo	0.38	0.33	0.33	1.9	85.1
	A-Z(0.58)Eo	0.58	0.49*	0.37*	3.7*	75.5*
	A-Z(0.					

Table 2 . 9 :

 29 Effect of the second ozone stage (ZEo) 2 on the carbohydrates DPv or reduced DPv B . Blue font was used to designate predicted samples and asterisks (*) the model-calculated (Equations 6 & 8) values, respectively.

	Pulp sample	Introduced O 3 (%)	Consumed O 3 (%)	Lignin (%)	HexA (µmol/g)	DPv or DPv B
	A	0	0	1.0	46	1550
	A-Z(0.17)Eo	0.17	0.16	0.69	22	1550 B
	A-Z(0.17)Eo-Z(0.08)Eo	0.08	0.07	0.55	17	1500 B
	A-Z(0.25)Eo	0.25	0.22	0.47	12	1460 B
	A-Z(0.17)Eo-Z(0.17)Eo	0.17	0.16	0.40	4.0	1180 B
	A-Z(0.34)Eo	0.34	0.30*	0.46*	9.4*	1430 B *
	A-Z(0.2)Eo	0.2	0.17	0.61	17	1420 B
	A-Z(0.2)Eo-Z(0.38)Eo	0.38	0.33	0.33	1.9	1170 B
	A-Z(0.58)Eo	0.58	0.49*	0.37*	3.7*	1360 B *
	A-Z(0.3)Eo	0.3	0.25	0.50	12	1430 B *
	A-Z(0.3)Eo-Z(0.3)Eo	0.3	0.24	-	-	1170
	A-Z(0.6)Eo	0.6	0.51*	0.37*	3.5*	1350 B *

A significant carbohydrates depolymerisation

Table 2 . 10 :

 210 Effect of the final stage (ZP) on the lignin and hexA contents, and on the carbohydrates DPv.

	Pulp sample	Introduced O 3 (%)	Consumed O 3 (%)	Lignin (%)	HexA (µmol/g)	DPv or DPv B
	A-Z(0.17)Eo-Z(0.17)Eo	0.17	0.16	0.40	4.0	1180 B
	A-Z(0.17					

Table 3 . 1 :

 31 Brightness, post-colour number (PCN) and DPv values of oxygen-delignified kraft KO, ozone-bleached TCF and ECF-bleached BP pulps.

	Pulp Brightness (%ISO) PCN DPv
	KO	49.0	-	1580
	TCF	91.0	0.29 1160
	BP	89.8	0.43 1370

Table 3 . 2 :

 32 Summary of the difference between the SEC systems used in the LGP2 and CRC laboratories.

	Laboratory	LGP2	CRC
	Light scattering detectors	Right-angle + low-angle (RALS + LALS)	Multi-angle (MALS)
	Columns	2 x PL gel Mixed-A LS columns (20-µm porosity, 300x7.5 mm, Agilent) preceded by a guard column (10-µm porosity, 50×7.5 mm, Agilent)	3 x PL gel MiniMIX B polystyrene divinyl benzene (PSDVB) columns (10-µm porosity, 250×4.6 mm, Agilent) preceded by a MiniMIX B guard column (10-µm porosity, Agilent)
	RI detector temperature (°C)	65	60
	Flowrate (mL/min)	1	0.4

Table 3 . 3 :

 33 Molecular characteristics of oxygen-delignified HW kraft pulp bleached with ECF and TCF-ozone bleaching sequences. Values in brackets represent the relative standard deviation (RSD). Values in bottom row indicate the deviation of the TCF values compared to that of BP.

	Pulp

number of replicates DPv or DPv B DP n DP w DP z Ð M

  

	BP	3	1370	560 3310 8510	6.0
	TCF	4	1160 B	510 2590 6670	5.2
			-15 %		

-9 % -22 % -22 % -12 %

Table 3 . 4 :

 34 Weight-average DP values obtained for the original data (DP w ) and from the deconvolution fitting curves (dcv-DP w ) for all the measurements performed on three pulps. Relative standard deviation (RSD) is not substantially changed by the deconvolution.The method consisting in integrating "by hand" the separate HC and C fractions of the MMD on OmniSEC acquisition software, called "Quick and Easy" (Q&E) byDupont et 

	Pulp sample		BP	TCF	BP-Z(0.17)Eo
	number of measurements		10	4		7	
		DP w dcv-DP w DP w dcv-DP w DP w dcv-DP w
	Average	3070	3170	2570	2580	2810	2850
	RSD (%)	9.1	8.1	7.3	7.4	6.2	6.7

Table 3 . 5

 35 

: Comparison of Q&E ("Quick and Easy")

[7] 

and dcv (deconvolution) methods on the four pulp samples: KO, BP, BP-Z(0.17 %)Eo, TCF. [Square brackets] and (regular brackets) indicate relative deviations to the mean (duplicates) and relative standard deviations (triplicates or more), respectively.

Q&E-

DPw(C) dcv-DPw(C) Pulp sample DPv number of measurements Mean value [RD] or (RSD) Mean value [RD] or (RSD) KO

  

		1580	2	4620	[+/-11.3 %]	5070	[+/-7.3 %]
	BP	1370	3	3660	(+/-4.6 %)	3930	(+/-2.5 %)
	BP-Z(0.17)Eo 1170	5	3640	(+/-6.6 %)	3880	(+/-2.2 %)
	TCF	1160	2	3430	[+/-1.3 %]	3630	[+/-0.9 %]

Table 3 . 6
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	Sample	DPv	(length-wt.) fibre length (µm)	kinked fibres (%)	curl (%)	MF index (%)	Broken fibres content (%)
	BP	1370	820	75	19	1.3	28
	BP-C cell (10)	870	630	69	16	1.4	35
	BP-C cell (50)	-	350	50	15	3.2	49
	BP-C endo (30) 990	830	70	15	1.4	27
	KO	1580	770	66	16	1.7	29
	KO-A-Hol	1590	860	60	13	1.0	23
	KO-C cell (35)	-	380	54	16	3.1	48

: Morfi measurements of pulps degraded by localised enzymatic hydrolysis, and their reference pulps BP and KO (KO-A-Hol). Numbers in brackets indicate the cellulase dose (U/g of o.d. pulp). MF index = Macrofibrillation index.

Table 3 . 7 :

 37 Morfi measurements of uniformly degraded pulp BP-H(4%), compared to the fully-bleached pulp reference BP. MF index = Macrofibrillation index.

	Sample	DPv	(length-wt.) fibre length (µm)	kinked fibres (%)	curl (%)	MF index (%)	Broken fibres content (%)
	BP	1370	820	75	19	1.3	28
	BP-H(4) 250	830	74	18	1.4	28

Table 3 . 8 :

 38 Morfi measurements of degraded pulps including various KO-ZEo or KO-A-ZEo pulps, as well as the two TCF pulps TCF 3 and TCF 4 (cf. Chapter 2). MF index = Macrofibrillation index.

	Sample	DPv	(length-wt.) fibre length (µm)	kinked fibres (%)	curl (%)	MF index (%)	Broken fibres content (%)
	KO	1580	770	66	16	1.7	29
	KO-A-Hol	1590	860	60	13	1.0	23
	KO-Z(0.5%)Eo	960	830	71	16	1.1	27
	KO-Z(4%)Eo	330	690	67	16	1.9	31
	KO-Z alk (1.3)E	800	800	72	17	1.3	27
	KO-A-Z(0.25)Eo	1490	810	68	15	1.3	27
	KO-A-Z(1.5)Eo-Hol 1050	810	71	16	1.1	26
	TCF 3	1060	830	58	12	1.1	25
	TCF 4	1160	790	61	15	1.5	26

Table 3 . 9 :

 39 Morfi measurements of BP-ZEo pulps, compared to reference pulp BP.

	Sample	DPv	(length-wt.) fibre length (µm)	kinked fibres (%)	curl (%)	MF index (%)	Broken fibres content (%)
	BP	1370	820	75	19	1.3	28
	BP-Z(0.35)Eo 1060	800	73	19	1.3	26
	BP-Z(1)Eo	770	830	70	16	1.2	26
	Surface vs.						

homogeneous degradation: which one impacts fibre strength the most?

  

Table 3 . 10 :

 310 Never-dry zero-span (NDZS) tensile indexes measured from different degraded pulp samples. Values with asterisk (*) indicate results extrapolated from DP values of relevant references.

	Pulp sample	DPv DP w (C) DP z (C) NDZS (N.m/g) Reference pulp(s)
	BP	1370	4670	9930	34.9	-
	BP-C cell (10)	870	2520	4660	21.3	-
	BP-C endo (30)	990	3820	6830	22.8	-
	BP-Z(0.35)Eo	1060 3770*	7780*	31.4	BP-ZEo set
	BP-H(0.6)	1110	3880	8880	34.0	-
	BP-H(0.75)	1010 3280*	6900*	34.1	BP-H set
	BP-H(1.5)	830	2270	3790	32.0	-
	BP-P 100 (1)	1150	3850	7550	34.9	-
	KO-A-Z(0.25)Eo 1490 5120*	11320*	37.8	KO-ZEo set
	KO-A-Z(1.5)Eo	1050 3760*	8230*	33.8	KO-ZEo set
	KO-Z(4)Eo	330	1460	3180	29.8	-
	TCF 3	1060 3460*	7350*	32.6	TCF 4

Table 4 . 1 :

 41 Brightness and PCN values of the three main bleached pulps.

	Pulp	Brightness (%ISO) PCN
	TCF	90.8	0.29
	ECF-lab	91.5	0.62
	BP	89.8	0.43

Table 4 . 2 :

 42 Repeatibility of the UVRR measurements performed on control pulp BP.

	measurement no.	1	2	3	4	5	6	Mean value (a.u.) SD
	Phenolic -OH	0.85 0.87 0.92 0.81 0.86 0.83	0.86	0.03
	Benzyl ring	0.87 0.88	1	0.87 0.83 0.83	0.89	0.07
	hexA	0.71 0.72 0.67 0.61 0.6 0.58	0.65	0.05

Table 4 . 3 :

 43 Brightness and PCN results for acidic post-bleaching treatments, as well as the experimental conditions used.

	Pulp	Brightness (% ISO) PCN	pH	T (°C) t (h)
	TCF	90.8	0.29	-	-	-
	BP	89.8	0.43	-	-	-
	BP-A	89.8	0.37	3	90	2
	BP-SC	90.2	0.37	4.9	70	2
	BP-A-SC	90.6	0.34 3 / 4.9 90 / 70 2 / 2
	BP-Z(0.2)	91.0	0.32	2.5	T room	-
	BP-Z(0.35)	92.1	0.40	2.5	T room	-
	BP-H	92.0	1.01	4.9	70	1

Table 4 . 4 :

 44 DPv values obtained for acidic treated pulps subjected to ZEo.

	Pulp	DPv or DPv B
	BP	1370
	BP-Z(0.17)Eo	1170 B
	BP-A-Z(0.17)Eo	1190 B
	BP-SC-Z(0.17)Eo	1150 B
	BP-A-SC-Z(0.17)Eo	1240 B

Table 4 . 5 :

 45 Brightness and PCN results for alkaline post-bleaching treatments.

	Pulp	Brightness (% ISO) PCN
	BP	89.8	0.43
	BP-B	91.2	0.28
	BP-Ebc	89.7	0.32
	BP-P	91.3	0.23
	BP-Epc	89.6	0.26

Table 4 . 6 :

 46 Brightness and PCN results for Z+alkaline stage post-bleaching treatments.

	Pulp	Brightness (% ISO) PCN
	BP	89.8	0.43
	BP-Z(0.2)	91.0	0.32
	BP-Z(0.2)Eo	91.4	0.24
	BP-Z(0.35)	92.1	0.40
	BP-Z(0.35)Eo	91.9	0.24
	BP-Z(0.35)Epc	92.1	0.25
	BP-Z(0.35)P	93.3	0.21
	BP-Z(0.35)Ebc	92.2	0.28
	BP-Z(0.35)B	92.8	0.23
	BP-Z(1)Eo	91.9	0.29

Table 4 . 7 :

 47 Experimental conditions and brightness and PCN values of a TCF and two ECF kraft pulps bleached in the lab. Chemical doses expressed as % wt. on o.d. pulp.

	Sequence	Bleaching conditions	Brightness (%ISO)	PCN
		A : pH = 3 (H 2 SO 4 ) [90 °C, 2h]		
		Z 1 : 0.17 % O 3 ;		
	TCF	Eo : 1 % NaOH; P(O 2 ) = 2 bar [70 °C, 1h]		
		Z 2 : 0.17 % O 3 ;	90.8	0.29
	A(ZEo)(ZEo)(ZP)	Eo : 1 % NaOH; P(O 2 ) = 2 bar [70 °C, 1h]		
		Z 3 : 0.16 % O 3 ;		
		P : 0.45 % H 2 O 2 ; 0.8 % NaOH; 0.3 % MgSO 4 [70 °C, 2h]		
		D 0 : 0.95 % ClO 2 ; H 2 SO 4 (starting pH = 5.5) [55 °C, 1.5h]		
	ECF			
		Ep : 1.7 % NaOH; 0.45 % H 2 O 2 [70 °C, 1.5h]		
			89.8	0.63
		D 1 : 0.53 % ClO 2 [70 °C, 3h]		
	DEpDD			
		D 2 : 0.25 % ClO 2 [75 °C, 4h]		
	ECF			
		P : 0.7 % H 2 O 2 ; 0.8 % NaOH; 0.3 % MgSO 4 [70 °C, 2h]	91.1	0.36
	DEpDP			

Table 5 . 2 :

 52 Ozone consumption, brightness and DPv values for KO-A-Z(0.25%)Eo samples, with and without recirculation of ozone bleaching filtrates (R) taken from KO-A-Z(0.5%)Eo and KO-A-Z(1.5%)Eo.

Table 5 . 3 :

 53 KN values of relevant pulps for the bleaching filtrates recirculation experiment with two different ozone doses filtrates: R(0.5%) and R(1.5%).

Table 5 . 5 :

 55 Brightness values of KO-Z(0.35%)E semi-bleached pulps, with and without the addition of Na 2 S. The (Z) stage was performed at an unconventionally high pH (3.5), and the (E) alkaline extraction conditions were: 1 % NaOH, 1h, 70 °C.

	Pulp sample	Introduced O 3 (%)	Consumed O 3 (%)	Brightness (%ISO)
	KO	0	0	49.0
	KO-Z(0.35) KO-Z(0.35)E	0.35	0.33	59.2 59.2
	KO-Na 2 S-Z(0.35) KO-Na 2 S-Z(0.35)E	0.35	0.32	57.5 58.9

Table 5 . 6 :

 56 Ozone consumption, brightness and DPv values for Z(1%)Eo experiments with and without addition of 0.75 % (on o.d. of pulp) dissolved inorganic matter (DIM) sulfur model-compounds on 15 g of BP pulp. The amount of introduced sulfur was calculated using the sulfur salts molar masses in g/mol.

	Pulp sample	Introduced sulfur (mg)	Introduced O 3 (%)	Introduced O 3 /Sulfur salt molar ratio	Consumed O 3 (%)	Brightness (%ISO)	DPv or DPv B
	BP	0	0	-	0	89.8	1370
	BP-Z(1)Eo	0	1	-	0.58	91.9	980 B
	BP-Na 2 S-Z(1)Eo	46.1	1	6.5	0.38	91.2	1080 B
	BP-Na 2 SO 3 -Z(1)Eo	28.6	1	10	0.40	91.5	1070 B
	BP-Na 2 S 2 O 3 -Z(1)Eo	46.6	1	6.4	0.61	91.3	1240 B

Table 5 . 7 :

 57 Building the (ZEo) brightness gain prediction model with the five available starting pulps. The model is a Brody-type function:Brightness n = Brightness n-1 + A Br x (1 -exp -k x O 3 introduced ).With these two equations the brightness of any (ZEo) bleached pulp could be calculated, provided that the hexA content of the starting pulp was known. The model was run on several examples to see which distribution order of a same total ozone charge within (ZEo) 1 and

	Starting pulp	Initial brightness Br 0 (%ISO)	Maximum reachable brightness Br ∞ (%ISO)	A Br	k
	KO	49.0	87.9	38.0 1.9
	A	50.3	84.5	33.4 2.4
	A-Z(0.17)Eo	61.7	88.7	27.0 4.3
	A-Z(0.2)Eo	63.3	89.0	25.7 5.0
	BP	89.8	91.7	1.93 7.3

Table 5 . 8 :

 58 Model-derived brightness values of ZEo-ZEo bleached pulps with three different distributions of a same total ozone charge (0.4 % on o.d. pulp).

	Pulp	Br 0 (%ISO)	O 3 introduced in (ZEo) 1 (%)	Br 1 (%ISO)	O 3 introduced in (ZEo) 2 (%)	Br 2 (%ISO)
	A-Z(0.1)Eo-Z(0.3)Eo		0.1	57.5	0.3	77.5
	A-Z(0.3)Eo-Z(0.1)Eo	50.3	0.3	67.5	0.1	77.2
	A-Z(0.2)Eo-Z(0.2)Eo		0.2	63.1	0.2	78.9

Table 5 . 10 :

 510 Chemical cost of the ECF and TCF bleaching sequences. Bleaching chemicals price courtesy of Fibre Excellence Saint-Gaudens.

	Sequence	Stage	ClO 2 O

3 H 2 SO 4 NaOH H 2 O 2 MgSO 4 Total cost (€/odt of pulp) ECF

  

		D 0	9.5					
		Ep				17	4.5	
		D 1 D 2	5.3 2.5						39.1
		Quantity (kg/t)	17.3	0	0	17	4.5	
		Cost (€/t) 21.5	0	0	14.3	3.38	0
		A			6.84			
		ZEo 1		1.7	2.3	10		
	TCF	ZEo 2 ZP		1.7 1.6	1.7 0.83	10 8	4.5	3	34.9
		Quantity (kg/t)	0	5	11.67	28	4.5	3
		Cost (€/t)	0	7.15	0.62	23.5	3.38	0.21
	Chemical cost (€/kg) 1.24 1.43 0.053	0.84	0.75	0.071

  4 solution consumed by 1 g of pulp in 10 min at 25 °C. The results are corrected to 50 % consumption of the permanganate added. The titration was performed using 4N sulfuric acid (H 2 SO 4 ), 1N potassium iodide (KI), and 0.05N sodium thiosulfate (Na 2 S 2 O 3 ). The weight of the pulp is calculated to anticipate a consumption of permanganate of about 50 %. The pulp sample is disintegrated using a mixer with 150 mL of DEI water in a 500 mL beaker. The suspension is transfered to a 500 mL Erlenmeyer and placed in a 25 °C water bath. 20 mL of H 2 SO 4 are

added. 20 mL of MnO 4 are measured precisely and introduced in the beaker. After exactly 10 minutes reaction time, the reaction is stopped by adding 10 mL of KI solution and the formed iodine is titrated with the sodium thiosulfate solution to a colourless end point. µ-KN is calculated as follows:

Table 5 :

 5 Viscosity and SEC calculated DP and dispersity index (DM) values of different samples de-
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graded at DPv ∼ 850, as well as reference pulp BP. RD = Relative Deviation to the mean. ( ) indicate relative standard deviations (replicates) and [ ] relative deviations to the mean (duplicates).

  al. 1991a,b), all aromatic rings can be oxidized by ozone which should contribute to easier lignin removal. Moreover, ozone reacts on any C=C double bond and is thus able to readily eliminate chromophores and chromophore precursors (chromogens) moieties such as quinones and hexenuronic acids (hexA)(Pouyet et al. 2014). Since in theory bleaching with ozone should remove more of these substances than chlorine dioxide, it should lead to better brightness stability. Conversely, each time ozone reacts on a C=C double bond hydroxyl radicals OH• may be formed. This highly unstable radical can further oxidize lignin and carbohydrates alike, generating C=O carbonyl groups which favor yellowing(Pouyet et al. 2014; Ragnar et al. 1999). Moreover, in subsequent alkaline extraction stage, part of the carbohydrates C=O groups initiate β-elimination and alkaline rearrangements that ultimately result in chain scissions, lowering the pulp degree of polymerization (DP) (Lewin and Herman, 1997) and giving rise to unsaturated substances(Perrin et al. 2014; Zhou et al. 2011). Thus, the effect of Z stages on brightness stability can be both beneficial by destroying chromophores and chromogens and detrimental by generating heat-sensitive degradation products(Pouyet et al. 2013;[START_REF] Röhrling | A novel method for the determination of carbonyl groups in cellulosics by fluorescence labeling. 2. Validation and applications[END_REF]. Some of the chromophores still present in bleached chemical pulps have been identified and quantified(Rosenau et al. 2004(Rosenau et al. , 2011)). They are of the quinone or *Corresponding author: Etienne Montet, CNRS, Grenoble Institute of Engineering (INP), Université Grenoble Alpes, LGP2, F-38000, Grenoble, France; and Agence de l'Environnement et de la Maîtrise de l'Energie 20, Avenue du Grésillé-BP 90406, 49004, Angers Cedex 01, France, E-mail: etienne.montet@lgp2.grenoble-inp.fr Estefania Isaza Ferro and Jordan Perrin: Aalto University, School of Chemical Engineering, Espoo, Finland Dominique Lachenal and Christine Chirat: CNRS, Grenoble Institute of Engineering (INP), Université Grenoble Alpes, LGP2, F-38000, Grenoble, France Holzforschung 2019; aop aromatic furan type. Their recalcitrance towards bleaching has been attributed to a strong resonance-induced stabilization. Hydrogen peroxide has been recently proved capable to eliminate some of these chromophores[START_REF] Zwirchmayr | Degradation of the cellulosic key chromophore 5,8-dihydroxy-[1,4]-naphthoquinone by hydrogen peroxide under alkaline conditions[END_REF]). As a potent oxidant ozone is also assumed to target these moeties. It was proposed to perform a combination of ozone and H 2 O 2 (ZP) to obtain both high and stable brightness(Davies et al. 2009;[START_REF] Rosenau | Chromophores from hexeneuronic acids: identification of hexaderived chromophores[END_REF]).

  55 °C, 1.5 h] Ep: 1.7% NaOH, 0.45% H 2 O 2 [70 °C, 1.5 h] D 1 : 0.53% ClO 2 [70 °C, 3 h] D 2 : 0.25% ClO 2 [75 °C, 4 h] TCFz: A(ZEo)(ZEo)(ZP) A: pH = 3 (H 2 SO 4 ) [90 °C, 2 h] Z 1,2 : 0.17% O 3 ; Eo: 1% NaOH, P(O 2 ) = 2 bar [70 °C, 1 h] Z 3 : 0.16% O 3 ; P: 0.45% H 2 O 2 , 0.8% NaOH, 0.3% MgSO 4 [70 °C, 2 h, pH 11.5] 2.5 Post-bleaching treatments applied on commercial ECF bleached pulp The commercial HW DEpDD bleached kraft pulp was treated in various post-bleaching stages, details given below: B: 1% NaBH4, Na 2 CO 3 [T room , 2h, pH around 10], reaction carried out in sealed Erlenmeyers, under vigorous magnetic agitation, at 2% PC Ebc ('Extraction stage in B conditions'): Na 2 CO 3 [T room , 2h, pH around 10], at 2% PC P: 0.45% H 2 O 2 , 0.8% NaOH [70 °C, 2 h, pH 11.5]

	Epc ('Extraction stage in P conditions'): 0.8% NaOH [70 °C, 2 h, pH
	11.5]
	Z: 0.35% O 3

H: 2% ClOH, acetate buffer [T = 70 °C, 1 h, pH 4.9]

Table 2 :

 2 Characterics of hardwood kraft bleached pulps: laboratorymade 'ECF' and 'TCFz', and industrial ECF pulp 'cp'.

	Pulp	Bleaching sequence	Brightness (%ISO)	PCN
	ECF	DEpDD	90.3	0.61
	TCFz	A(ZEo)(ZEo)(ZP)	90.8	0.29
	cp	DEpDD	89.8	0.43

Acknowledgments: This study was supported by the French Agency of Environment and Energy Management (ADEME), Xylem, and Fibre Excellence. The authors would like to thank Prof. T. Vuorinen for allowing the authors to use the UVRR spectrophotometer to conduct this study.

reported by Berggren et al. [5] but closer to that obtained by Griffin et al. [63]. Hence, for large ozone doses the KO-ZEo MMDs lose their bimodality, and a tri-gaussian deconvolution model was needed for deconvolution of the three peaks: hemicelluloses and very low-M r cellulose (HC), low-M r cellulose (C LMr ), and high-M r cellulose (C HMr ). Validity of this model was verified by performing a cold caustic extraction (CCE) on KO-Z(4%)Eo sample to remove hemicelluloses and check the bi-gaussian nature of the cellulose fraction (Figure 3.25). Sometimes, the triple-Gaussian model was not fitting well the MMD if the C HMr peak was not clearly present but the high-M r region still presenting an assymetric tail.

In this case, exponentially modified gaussians are usually the best fitting function candidates [72,73,74]. Here, the Parabolic-Lorentzian modified Gaussian (PLMG) was used when the triple-Gaussian model accuracy in the high-M r region was deemed insufficient [75,76]. These two new deconvolution models allowed for estimation of the DP w (C) and DP z (C) of very degraded pulp samples.

From the MMDs in Figure 3.24 it seems that the dispersity of the total cellulose fraction tends to increase with larger ozone charges, (ZEo) producing more low-M r cellulose chains than it cleaves high-M r ones. The preserved cellulose peak could represent the fibre core, as suggested previously [5], but may also represent cellulose unavailable for ozone due the poor swelling conditions at low pH.

Interestingly, introducing 1.3 % ozone in alkaline conditions (pH 12.5) only exacerbised the phenomenon observed for large ozone doses in previous KO-ZEo experiments, as shown in Figure 3.26. This treatment favorised ozone decomposition into free radicals [77]. Already shortened cellulose chains were even more subject to depolymerisation on the rear of the ozone reaction front. Hence, the cellulose fraction dispersity of KO-Z alk (1.3 %)E was perceptibly

Effect of raw and oxidised WL model-compounds on the (ZEo) stage

Results of KO-A-Z(0.25%)Eo experiments with additions of Dissolved Inorganic

Matter (DIM)

The ozone consumption, pulp brightness and DPv values for the DIM addition in (ZEo)bleaching of KO-A pulp experiments are listed in Table 5.4. UVRR spectra of the ozone semi-bleached pulps are represented in Figure 5.5. 

Sequence

Effect of Na 2 S

Compared to the control pulp, the Na 2 S treated pulp brightened more after (ZEo) (+3.5 %ISO), for similar ozone consumption and DPv loss (Table 5.4). Furthermore, both the

Chapter 6

Materials & Methods

Pulp washing and storage

Commercial bleached "BP" and O-delignified "KO" hardwoods pulps were provided by Fibre Excellence mill of Saint-Gaudens, France. Once received, they were thoroughly washed with tap water: first diluted to 1% PC then filtered on large sieves. This process was repeated 4 times. Then, the pulp was centrifugated and stored in the freezer at 30-35 % PC, in sealed PET bags. Prior to any chemical reaction or characterisation, pulp was defrosted at room temperature between 12 and 24h, and washed with deionised (DEI) water (3 x 1 L of DEI water / 10 g of o.d. pulp). The pulp was then filtrated on a no. 2 porosity crucible.

Generally, after any chemical reaction the pulp was washed in the same fashion or until the washing filtrate conductivity was less than 5 µS.cm -1 . For large amounts of pulp (> 50 g o.d. pulp), the pulp was washed using 4 x 0.7 L of DEI water / 10 g of o.d. pulp.

Chemical reactions

Chemicals

Sodium borohydride was bought from Fisher Scientific. Hydrogen peroxide, UVRR model-compounds (p-benzoquinone and p-hydroquinone), and Novozymes Celluclast were ordered from Millipore Sigma. Endo-1,4-β-D-glucanase was purchased on Megazyme. All the other chemicals were purchased from Roth (Germany) and were used without further purification.

Ozonation (Z)

Ozone was produced in the lab with an Ozonia laboratory generator. Pulp preparation for high consistency ozonation consisted of pulp pH adjustment to 2.5-2.7 with (4N) H 2 SO 4 at 1-2 % PC, filtration on no. 2 crucible followed by centrifugation of the pulp to obtain ≈40 % PC. Then, pulp was fluffed and put in a spherical glass reactor. The ozone generator settings were: input oxygen pressure of 2 bars, current in the ozonator of 0.7 A, and ozone concentration of ≈65 mg/L. The real ozone concentration in the gas flow was evaluated by indirect titration of a "blank" potassium iodide solution (of known volume and concentration) by adding sodium thiosulfate. Thus, the needed amount of ozone was calculated and then injected in the rotating spherical reactor containing the pulp (expressed as per cent ozone based on o.d. pulp by weight).

At the end of the experiment, if the (Z) stage was followed by a (E)/(Eo) or (P) stage, the pulp was not washed but directly stabilised to the right pH and PC before undergoing alkaline reaction, by adding DEI water and NaOH (40 g/L).

Oxygen-assisted alkaline extraction stage (Eo)

Most alkaline extraction stages of this thesis were oxygen-reinforced (Eo). These were performed in a rotating multi-shell reactor (maximum 6 shells). Pulp samples are priorly kneaded by hand with a dilute NaOH solution to obtain the right and pulp consistency (10 % PC). Shells within the reactor are plunged in a heated oil bath to reach the desired temperature.

2 bars of oxygen are introduced in the shell(s) before starting the reaction.

Bleaching filtrates recycling

Ozonation experiments with recirculation of filtrates were performed as follows. Odelignified kraft pulp (KO) was subject to an (A) stage (pH = 3.5, 90 °C, 2h), then a (ZEo) stage using 0.5 % or 1.5 % ozone. Prior to washing the pulp was pressed to collect 80 mL of filtrate. This filtrate was added to 15 g o.d. of either (A)-treated or bleached BP pulp before adding DEI water in order to get a 10 % PC. 80 mL of filtrates represents more than half of the total liquid weight of the 10 % PC pulp suspension which is of 135 mL. Then, pH was adjusted to 2.5-2.7 by adding (4N) H 2 SO 4 , centrifugated and fluffed according to the procedure described before.

Enzymatic hydrolyses (C cell ) and (C endo )

The cellulase cocktail (C cell ) was the Novozymes Celluclast from Trichoderma Reesei. The reaction took place in 4 x 250 mL double-walled glass reactors set up in series, each of them positioned on single magnetic stirrers. The reactors were connected to a closed water loop system with set temperature, the water running between the double walls of each reactor. Where, K/S = (1-R ∞ ) 2 /2R ∞ , K is the absorption coefficient S is the scattering coefficient and R ∞ is the brightness of the pulp, according to the Kubelka-Munk function [11].

UV Resonance Raman (UVRR) spectroscopy

The UVRR spectra were obtained in Aalto University (Espoo, Finland) using a Renishaw 1000 UV Raman spectrometer. The laser source was an Innova 90C FreD frequency-doubled Ar+ ion from Coherent Inc. with an excitation wavelength of 244 nm, a power output of 10 mW, and the measuring transmittance set at 25 %. The system was coupled with a DMLM microscope from Leica Microsystems GmbH. The data acquisition and handling were done according to Jääskeläinen et al. [12] using Grams AI spectroscopy software. The spectra were normalised to the cellulose-related peak at 1094 cm -1 . Relevant Raman bands assignations are represented in Figure 6.1 and summarised in Table 6.4.3. In the framework of this thesis, a measurement of pure p-benzoquinone and p-hydroquinone samples has been performed. The expected ring band at 1605 cm -1 for both molecules and a specific band for p-benzoquinone at 1685 cm -1 (probably corresponding to C=O stretch) were observed, as shown in Figure 6.2.

Pure sodium carbonate and oxalic acid spectra were measured to check their possible in-6.5 Mechanical characterisations

PFI refining

Standard followed: ISO 5264-2 [26]

Handsheets preparation and conditioning

Handsheets of unrefined and PFI-refined pulps for mechanical characterisation were prepared with tap water and density of 60 g/m², and the followed standard was: ISO 5269-2 [27].

Prior to characterisation, handsheets are conditioned for at least 48h in a conditioning chamber (23 +/-1 °C, 50 +/-2 % relative humidity), according to ISO 187 [28].

Grammage and thickness of handsheets are determined following ISO 536 [29].

Tensile, tearing, and bursting strengths

Tensile, tearing, and bursting resistances were measured following the standards ISO 1924-2 [30], ISO 1974 [31], and ISO 2758 [32], respectively.

Never-dry zero-span tensile strength

Never-dry (wet) zero-span tensile strength measurements were performed by the Centre Technique du Papier (CTP), Grenoble, according to a specifically designed procedure adapted from ISO 15361 [33].

Schopper-Riegler drainability (°SR)

Standard followed: ISO 5267-1 [34]

Morfi analysis of fibres morphology

The procedure for the morphological analysis of fibres was adopted from Passas et al. [35]. 

Appendices

The appendices include five sections with literature references given at the very end. The five appendices are:

- The spectra of pulps bleached by very large amounts of ozone presented some singularities (cf. Figure 4). The HA peak of A-Z(0.5)Eo seemed a little deviated to the left, centered on 1646-1652 cm -1 , and rising again on KO-Z(2%)Eo and especially KO-Z(4%)Eo. The latter pulp also had a new peak emerging at 1695 cm -1 . As "new" hexA could not be reasonably attributed to the 1649 cm -1 centered peak increasing with additional ozone, one had to admit that another moiety was resonating at the hexA-associated spectral band. This was foreshadowed by results from Jääskeläinen et al. [1]. A possible interference coming from oxalic acid and sodium carbonate during ozonation was ruled out by UVRR measurements of these two compounds (cf. Chapter 6, p.). These two molecules could have been accumulating with excessive oxidation of lignin and carbohydrates by ozone, and entrapped within the fibres [2,3].

The moiety related to the 1646-1652 cm -1 band obviously contains C=C unsaturation(s), as evidenced in Figure 5. The A-Z(0.2)Eo-Z(0.38)Eo bleached pulp (TCF 3 ) showed an unusual shaped peak in spectral region III. Deconvolution by a triple-(pseudo-Voigt) function pointed out the role of the new peak at 1649 cm -1 , the real lignin and hexA peaks being expectedly low for such ozone doses. Introducing only 0.1% ozone was enough to remove the "fake hexA".

First hypothesis: quinones

Perrin et al. [4] observed the 1652 cm -1 peak after treating a severely oxidised pulp (hypochlorous acid or ozone) with an alkaline extraction stage (E). This band was then tentatively associated with a quinone moiety. However, para-and ortho-quinones C=C ring band has been referenced and assigned to a value around 1608 cm -1 and C=O peaks at higher values, generally above 1670 cm -1 [5,6,7]. Raman spectra measurements of pure p-benzoquinone and p-hydroquinone performed in this thesis did not show a band around 1652 cm -1 (cf. Chapter 6, p.). Still, higher Raman shifts for the quinone 6-carbons ring C=C vibration have been

Appendix B -DIM interactions with oxygen in aqueous acidic media

The purity, molecular weight and pkA values of the three sulfur salts of interest in Dissolved Inorganic Matter (DIM) from Chapter 5 are reported in Table 2. The dominant species of each acid/base couple at pH 2.5 -2.7 are highlighted in bold font. (H 2 S / HS -) = 7 [13] (HS -/ S 2-) = 17 [14] Na 2 SO 3 98.5 126 (H 2 O.SO 2 / HSO 3 -) = 1.9 [15] (HSO 3 -/ SO 3 2-) = 7.2 [16] Na 2 S 2 O 3 99.5 158

7 [17] In aqueous acidic media, Na 2 S and Na 2 SO 3 dissociate and generate H 2 S (hydrogen sulfite)

and SO arg (sulfur dioxide) gases, respectively. Part of the produced gases are presumably lost in the air, probably even more so for H 2 S since it is poorly soluble in acidic solutions [18].

HS -reacts with oxygen according to the reaction:

The authors claim that a similar reaction occurs with H 2 S, and reaction rate for HS -+ O 2 reaction is about 100 M -1 .s -1 at 25 °C and pH 7.55. This oxidation reaction of reduced sulfur S(-II) is very slow for pH < 6 [20], possibly because protonated forms of sulfur species are less prone to oxidation [21]. Hence, it is assumed that a small fraction of the introduced reduced sulfur S(-II) as sodium sulfide is lost with the initial contact with acid to produce gaseous H 2 S, and the liquid saturated in dissolved hydrogen sulfide.

After dissociation of sodium sulfite in the acidic medium of the pulp suspension (PC = 10%), the remaining dissolved SO 2 is mostly in its protonated form HSO 3 -(bisulfite). At pH 2.5 and 25 °C, the ratio for the sulfite equilibrium (H 2 O.SO 2 / HSO 3 -/ SO 3 2-) is [0.16 ; 1 ; 3.2 x 10 -5 ]. The reaction of sulfite / bisulfite with oxygen is slow and usually takes place in alkaline conditions because unprotonated S(IV), ie. SO 3 2-, is more reactive towards oxidation.

This reaction requires a catalyst for large conversion into sulfate and that is why the oxygenoxidation of white liquor is usually incomplete [22]. Consequently, the oxygen-oxidation of sodium sulfite is considered negligible in the temperature and pH conditions of the experiment Appendix C -Direct dissolution of cellulose in DMAc / LiCl (8%) solution 

PROTOCOL

All the manipulations (cleaning included) will be done under a fume hood.

Mandatory use of doubled gloves (latex under-gloves and nitrile gloves), protective goggles and a lab coat.

All movement of mixtures (fume hood to waste bins) will be carried out in vials closed by screw caps.

Aim of the experiment

The manipulation consists in drying and dissolving cellulosic material in a DMAc / LiCl (8%) mixture throughout a solvent exchange. Dissolved samples can thereof be analysed with GPC / SEC for the determination of their molecular weight distribution and viscosity (Dupont, 2003). DMAc and LiCl are both hygroscopic compounds: the experiment failure or success is critically relate to the presence of water in the media, whether it comes from absorption or adsorption of the humidity of the air.

All used containers must be labelled: user name, date, and chemical name. As a CMR product, DMAc CAS number must also be written on the label when handled.

In the case of sample vials that will be analysed in GPC, it is recommended to reference these 3 dates: activation date, dissolution date and dilution date.

The filter apparatus must be installed under the fume hood, next to a CMR waste bin. The wash effluents and disposable solutions will be placed in glass "waste" flask and closable with a threaded cap for transfer to the halogenated organic solutions container, to be disposed of as disposable materials according to ''MOP-119-MG_Traitement_des_déchets_dangereux''.

Appendix D -Pulp bleaching (brightness, DPv, UVRR) and degradation (SEC) data Table 3: Bleaching results of (ZEo)-bleached KO and A pulp samples. Lignin and hexA contents were calculated using the UVRR quantitative models developed in this thesis (cf. Chapter 5). 

Appendix E -Publication

Z followed by alkaline stages B, Ebc, P, and Epc were carried out without inter-stage washing.

Pulp handsheets brightness and brightness stability

Paper handsheets from bleached hardwoods pulps were prepared at pH 6 and dried under vacuum at 85 °C for 7 min. ISO 3688, 1999 and ISO 5630-1, 1991 were followed for brightness determination and dry aging of samples (24 h in an oven at 105 °C), respectively. Post-Color Number (PCN) accounted for the brightness stability (Davies et al. 2009).

UV resonance Raman spectroscopy

The UVRR spectra were obtained in Aalto University (Espoo, Finland) using a Renishaw 1000 UV Raman spectrometer. The laser source was an Innova 90C FreD frequency-doubled Ar+ ion from Coherent Inc. with an excitation wavelength of 244 nm, a power output of 10 mW, and the measuring transmittance set at 25%. The system was coupled with a DMLM microscope from Leica Microsystems GmbH. The data acquisition and handling were done according to Jääskeläinen et al. 2005 using Grams AI spectroscopy software. The spectra were normalized to the cellulose-related peak at 1094 cm -1 . In the framework of this study, a measurement of pure p-benzoquinone and p-hydroquinone has been performed. There were observed the expected ring band at 1605 cm -1 for both molecules, and a specific band for p-benzoquinone at 1685 cm -1 probably corresponding to C=O stretch. Relevant Raman bands assignation is summarized in 1.

3 Results and discussion

TCFz versus ECF

The HW kraft oxygen-delignified pulp was bleached through an ECF and a TCFz sequences, details given in Table 2. The PCN accounting for the brightness stability underlines a brightness about twice more stable for the TCFz pulp compared to the ECF pulp. The UVRR spectra of ECF and TCFz on Figure 2 show a large gap for the broad Raman band at [1500-1800 cm -1 ] representing the contribution of C=C and C=O containing substances (band III), as showed in Figure 1 and detailed in Table 1. Despite having approximately the same brightness, TCFz brightness is about twice more stable than that of ECF. It is assumed that the residual chemical substances which are in larger amounts in the ECF pulp are responsible for most of the yellowing under heat exposure. The industrial ECF pulp 'cp' underwent the same bleaching sequence as the lab-made ECF, with similar conditions. However, the difference of equipment between industrial and laboraty scales is responsible for cp lower PCN (0.43 vs. 0.61, respectively) albeit showing a similar brightness level. This is probably due to better inter-stage washing using hot water while only cold water was used in